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ABSTRACT 
STRATOSPHERIC FLOW AND SOLAR VARIABILITY 
A b r i e f  summary of  recent  research  r e l a t i n g  s o l a r  v a r i a b i l i t y  t o  
weather elements on e a r t h  i s  presented .  A response of s t r a t o s p h e r i c  
flow as soc ia t ed  with t h e  p o l a r  n i g h t  vor tex  t o  t h i s  v a r i a b i l i t y  is  
determined beginning t h r e e  t o  f i v e  days a f t e r  t h e  occurrence o f  a 
geomagnetic storm. The contour grad ien t  a t  t h e  10 m i l l i b a r  su r f ace  
nea r  t h e  edge o f  t h i s  vor tex  s teepens ,  and t h e  flow n e a r  t h e  edge 
becomes more meridional .  Warnings de t ec t ed  a t  t h i s  l e v e l  tend  t o  
propagate  downward. The r eac t ion  of  t h e  p o l a r  vor tex  flow seems t o  
be most marked when t h e  flow i s  n e a r l y  uns t ab le .  Some mechanisms 
presented  by o t h e r  workers i n  t h i s  f i e l d  a s  well  a s  t h e  imp l i ca t ions  
of t h e s e  f ind ings  a r e  d iscussed .  
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INTRODUCTION 
There i s  l i t t l e  argument t h a t  t h e  d r iv ing  mechanism f o r  t h e  
e a r t h ' s  atmospheric motion stems from s o l a r  i r r a d i a t i o n .  I t s  conver- 
s i o n  i n t o  p o t e n t i a l  energy and subsequent ly i n t o  k i n e t i c  energy i s  a 
sub jec t  which i s  f a i r l y  wel l  understood by meteoro logis t s  today.  The 
v a r i a b i l i t y  of  t h e  s o l a r  ou tput ,  e s p e c i a l l y  n e a r  t h e  f r i n g e s  of t h e  
s o l a r  spectrum, i s  a sub jec t  which i s  s t i l l  debated and n o t  f u l l y  
reso lved .  The e f f e c t  of t h i s  v a r i a b i l i t y  , whatever i t s  magnitude, 
upon t h e  c i r c u l a t i o n  p a t t e r n s  of  t h e  e a r t h ' s  atmosphere a s  wel l  a s  on 
our weather and c l imate  i s  a l s o  open t o  cons iderable  controversy.  
Although t h e  e f f e c t  of  t h e  sun ' s  v a r i a b l e  output  of  h igh  energy 
p a r t i c l e s  has  been gene ra l ly  e s t a b l i s h e d  i n  t h e  upper atmosphere (about 
100 km and above), t h e  r e s u l t  o f  t h e  p r e c i p i t a t i o n  o f  t h e  so -ca l l ed  
"corpuscular  r ad i a t ion"  upon t h e  lower l a y e r s  i s  s t i l l  shrouded i n  t h e  
enormous c o l l e c t  ion of atmospheric d a t a  a v a i l a b l e  today.  Researchers 
f o r  s e v e r a l  decades have attempted t o  e x t r a c t  t h i s  information with 
some degree of  success .  S t a t i s t i c a l  c o r r e l a t i o n s  o f  t h e  s o l a r  v a r i a -  
b i l i t y  with weather and c l i m a t i c  phenomena over  a wide range o f  t ime 
and space s c a l e s  have sometimes been very s i g n i f i c a n t .  (For summaries 
o f  previous work s e e  Schuurmans, 1969 and Lamb, 1972.) However, t h e  
search  f o r  a mechanism which can t ransform t h e  comparatively small  
energy a s soc i a t ed  with s o l a r  v a r i a b i l i t y  i n t o  t h e  observed r eac t ions  
i n  t h e  t roposphere goes on. 
$ .  
The now infamous co r re l a t ion  of t h e  sunspot cycle with t h e  water 
l e v e l  of Lake Vic to r i a  i n  Afr ica  (Brooks, 1923) and i t s  subsequent 
disproval  (Lamb, 1972) is  but one ins t ance  o f  t h e  s t a t i s t i c a l l y  small  
number of da ta  s e t s  which a r e  unre la ted  but highly co r re l a t ed  according 
t o  s t a t i s t i c a l  t e s t s .  I t  i s  unfortunate t h a t  such a p le thora  o f  corre-  
l a t i o n s  with no phys ica l  b a s i s  f o r  the  observed r e l a t i o n  plague t h i s  
f i e l d  (Roberts, 1973) . The author,  however, i s  a hopeless a c t i v i s t  
and an opt imis t .  I t  i s  bel ieved t h a t  a  systematic  and open minded 
approach t o  c o r r e l a t i n g  weather and c l ima t i c  phenomena with solar /geo- 
physical  v a r i a b i l i t y  w i l l  be t h e  f i rs t  s t e p  i n  d iscerning  t h e  mechanism 
o r  mechanisms respons ib le  f o r  t h e  observed r e l a t i o n s .  The aim of such 
co r re l a t ions  should be t o  suggest such a mechanism o r  t o  disprove o r  
s u b s t a n t i a t e  mechanisms which have already been suggested. 
The research presented i n  t h i s  paper has been c a r r i e d  out  with 
these  thoughts i n  mind. I t  i s  f e l t  t h a t  enough co r re l a t ions  between 
s o l a r  inconstancy and tropospheric  weather o r  c l ima t i c  observat ions 
have a l ready been made. These e x c i t e  t h e  imagination. They d r ive  t h e  
i n q u i s i t i v e  i n t o  i n v e s t i g a t i n g  t h e  next log ica l  s t e p  along t h i s  pa th ,  
and t h a t  i s  t h e  c o r r e l a t i o n  of s o l a r  v a r i a b i l i t y  with t h e  atmosphere's 
kinematics o r  t h e  flow p a t t e r n s  which produce t h e  observed phenomena. 
Hopefully t h i s  would i n s p i r e  a  systematic  inspect ion  of  t h e  dynamics 
of t h e  atmosphere and eventual ly  lead t o  unravel l ing  t h e  u l t ima te  goal:  
t h e  mechanism. Our aim is  t h i s :  t o  r e l a t e  t h e  s o l a r  v a r i a b i l i t y  t o  
t h e  kinematic p roper t i e s  of  t h e  s t r a tosphere .  S t r a tospher i c  l e v e l s  
l i e  phys ica l ly  between t h e  cause and t h e  e f f e c t s  noted previously.  I t  
i s  e n t i r e l y  poss ib le  t h a t  t h e  mechanism(s) which br ing  about t h e  
observed co r re l a t ions  would be f e l t  a t  t hese  l e v e l s  e i t h e r  through an 
intermediary r o l e  o r  as a secondary e f fec t  of react ions  brought about 
a t  o the r  l eve l s .  In any case, because of i t s  location,  t h e  motion of 
t h e  s t ra tosphere  surrounding events of large  s o l a r  v a r i a b i l i t y  demands 
t o  be inspected. This we propose t o  do. 
PREVIOUS WORK: A RESPONSE 
IN THE TROPOSPHERE 
One of  s e v e r a l  parameters  may be chosen a s  an index t o  s o l a r  
v a r i a b i l i t y .  These may be marked by t h e  fol lowing phenomena (Lamb, 
1972) : 
(a) an index of t h e  occurrence of t h e  f l a r e  and i t s  i n t e n s i t y  
o r  o f  f l o c c u l i  (p l ages ) ;  
(b) passage of t h e  f l a r e -a s soc i a t ed  sunspot a r e a  across  t h e  
c e n t r a l  s o l a r  meridian a s  seen from t h e  e a r t h  and a t  a 
s o l a r  l a t i t u d e  l e s s  than  15'; 
(c) a l a r g e  d i s tu rbance  i n  t h e  ionosphere; 
(d) t h e  g r e a t e s t  a s soc i a t ed  geomagnetic d i s turbance  (which 
u s u a l l y  has a "sudden commencement" corresponding t o  t h e  
sharp bui ld-up o f  t h e  f l a r e ) ;  o r  
(e) t h e  g r e a t e s t  au ro ra l  a c t i v i t y .  
Some o lde r  research  papers ,  e s p e c i a l l y  t hose  c o r r e l a t i n g  long term 
e f f e c t s  of s o l a r  v a r i a b i l i t y ,  use records of auroras  a s  an index,  but  
such an approach i s  h igh ly  sub jec t ive .  Generally t h e  i n d i c e s  used 
have been (a) and (d) above. Schuurmans (1969) argues t h a t  t h e  f l a r e  
approach, ( a ) ,  i s  p r e f e r a b l e  because some f l u c t u a t i o n s  i n  t h e  geo- 
magnetic i n d i c e s ,  (d ) ,  can be a t t r i b u t e d  t o  geophysical phenomena, and 
consequently a s t a t i s t i c a l  r e l a t i o n s h i p  between geomagnetic d i s t u r b -  
ances and some weather element does not  imply t h a t  t h a t  element i s  
inf luenced by e x t r a t e r r e s t r i a l  fo rces .  Knecht (1972) s t a t e s  t h a t  
except f o r  some minor f luc tua t ions  i n  t h e  motions of t h e  upper 
atmosphere t h e  sun i s  responsible f o r  a l l  s i g n i f i c a n t  geomagnetic 
dis turbances recognized a t  p resen t .  Lamb and Schuurmans (op. c i t  .) 
both agree,  however, t h a t  t h e  geomagnetic index has t h e  advantage of 
r e f l e c t i n g  t h e  a c t u a l  ex is tence  of  a s o l a r  inf luence  upon t h e  e a r t h ' s  
atmosphere. Sudden f luc tua t ions  i n  the  geomagnetic f i e l d  s t r e n g t h  
usual ly  r e s u l t  from abrupt changes i n  t h e  d i r e c t i o n  o r  i n t e n s i t y  of 
t h e  in t e rp lane ta ry  magnetic f i e l d ,  o r  they r e s u l t  from abrupt changes 
i n  t h e  dens i ty  o r  ve loc i ty  of t h e  s o l a r  wind. Such changes a r e  usua l ly  
associa ted  with f l a r e  a c t i v i t y  (Knecht, 1972), and regardless  o f  t h e  
p re fe r red  approach, one i s  quantifying t h e  same s o l a r  inconstancy i n  
t h e  mean. We w i l l  use t h e  so-ca l led  geomagnetic index as  an ind ica -  
t i o n  o f  t h i s  v a r i a b i l i t y  i n  t h e  sm's  output .  The method of formulat- 
i ng  t h i s  index w i l l  be described l a t e r .  
Before proceeding with a discussion of our  work, we w i l l  p resent  
a b r i e f  summary of some recent  research papers on t h i s  sub jec t .  
Schuurmans (1969) gives one summary of inves t iga t ions  which co r re l a t ed  
s o l a r  f l a r e  a c t i v i t y  with various t ropospheric  events .  This  summary 
i s  presented i n  Table 1. Notice t h e  p o s i t i v e  co r re l a t ion ,  along with 
some time lag ,  between t h e  f l a r e s  and pressure  l eve l  height  r i s e s ,  
sur face  pressure increases ,  temperature increases ,  and p r e c i p i t a t i o n  
augmentation. Only Hartman (1963) considers  a global  e f f e c t ;  however, 
h i s  da ta  cover but one event.  The r e s u l t s  of  some o t h e r  recent  work 
r e l a t i n g  t h i s  v a r i a b i l i t y  t o  meteorological phenomena i n  t h e  lower 
atmosphere w i l l  be presented.  
Macdonald and Roberts (1960) and Roberts and Olson (1973a,b) have 
noted t h a t  300 m i l l i b a r  t roughs  which e n t e r  t h e  Gulf of Alaska 1 - 3 
days a f t e r  a geomagnetic s torm tend  t o  i n t e n s i f y  t o  a g r e a t e r  degree 
than those  t roughs  which e n t e r  t h a t  same a r e a  a t  o t h e r  t imes .  In  
add i t i on ,  they  n o t e  t h a t  such key t roughs ,  i f  t racked  f u r t h e r ,  t end  
t o  be more i n t e n s e  than t h e  o the r s  a s  t hey  move across  e a s t e r n  North 
America seve ra l  days l a t e r .  
Shapiro (1956, 1959, 1972) has shown t h a t  t h e  p e r s i s t a n c e  of s e a  
l eve l  p re s su re s  over  s e v e r a l  mid- la t i tude  reg ions  was g r e a t e r  fol low- 
i n g  a geomagnetic storm than  a t  o t h e r  t imes.  S to lov  and Shaprio (1969) 
and Shapiro and Sto lov  (1970) , however, show t h a t  t h e r e  i s  no co r re l a -  
t i o n  between s o l a r  v a r i a b i l i t y  and s u r f a c e  p re s su res  i n  t h e  p o l a r  
reg ions .  These au thors  used s o l a r  f l a r e s  as  t h e i r  index o f  s o l a r  
a c t i v i t y .  
Jagannathan and Bhalme (1973) r e 1  a t e  c h a r a c t e r i s t i c s  of  t h e  South- 
west Monsoon over I n d i a  t o  t h e  s o l a r  sunspot cyc le .  They show t h a t  
t h e  yea r s  of  maximum r a i n f a l l  may be a s soc i a t ed  with sunspot maximum 
o r  minimum, depending upon loca t ion .  The du ra t ion  and i n t e n s i t y  of  
r a i n y  s p e l l s  a s  wel l  as  breaks i n  t h e  monsoon appear t o  have a pe r io -  
d i c i t y  a s soc i a t ed  with t h e  s o l a r  cyc le .  
In  s tudying t h e  e f f e c t s  of s o l a r  f l a r e  a c t i v i t y  on t h e  nor thern  
hemisphere, Schuurmans (1969) noted a mean i n c r e a s e  i n  t h e  he igh t  of 
cons tan t  pressure  su r f  aces ,  with t h e  maximum inc rease  a t  300 m i l l i b a r s ,  
i n  t h e  t roposphere over mid- la t i tudes .  A t  h igher  l a t i t u d e s ,  poleward 
o f  ~ o ' N ,  he d iscovers  t h a t  t he  mean he ight  o f  t hese  p re s su re  su r f aces  
drops.  Equatorward of 4s0N a s l i g h t  i nc rease  i n  he igh t  of  t h e s e  
TABLE 1 
Synopsis of e a r l i e r  work r e l a t i n g  s o l a r  f l a r e s  t o  t ropospher ic  
phenomena (from Schuurmans , 1969) . 
author  No. of period atmospheric geographical  region r e s u l t s  






1936-41 500 mbar 
he igh t s  
1936-41 s e a  l e v e l  
p res su re  
European-At l a n t i c  
region be t  ween 
3 s t a t i o n s  i n  
Cent ra l  Europe 
1936(33) p r e s s u r e  and Eastern A t l a n t i c  
1947(36) temperature a t  and Europe 
ground l e v e l  
VALNICEK (1953) 53 1949-50 500 mbar 
h e i g h t s  
Eastern A t l a n t i c  
and Europe 
mean height  r i s e  of  t h e  500 mbar 
l eve l  (max. + 1 gpdm over t h e  
North Sea and adj acent  a reas )  
from t h e  day before  t h e  f l a r e  t o  
t h e  day of  t h e  ou tburs t .  
maximum of i n t e r d i u r n a l  p r e s s u r e  
change between 2-4 days a f t e r  a 
f l a r e ;  maximum of p res su re  
i t s e l f  4-6 days a f t e r  a f l a r e .  
SE -ward displacement of t h e  
p o l a r  f r o n t ,  2-5 days a f t e r  a 
f l a r e ,  displacement being 
accompanied by a change i n  
c i r c u l a t i o n  regime from zonal t o  
meridional .  
mean height  r i s e  of t h e  500 mbar 
l eve l  (max. + 5 gpdm over North 
Sea-southern Scandinavia) be- 
tween t h e  f i f t h  day be fo re  t h e  
f l a r e  t o  t h e  day of  t h e  f l a r e  
outburs t .  
TABLE 1 (Continued) 
author No. of period atmospheric geographical region r e s u l t s  
f l a r e s  parameter 
N O R M  (1953) 115 J u l y  1935 sea  l eve l  Oslo (Norway) 










through i n  t h e  lower 
May 195 1 s t r a tosphere  
30 Jan.  1951 temperature 
- - a t  96, 41 
June 1952 and 15 mbar 
1 June 1, temperature 
1960 of  t h e  500 
mbar l e v e l  
41 1956-61 ground l eve l  
pressure  
equa to r ia l  regions 
(Marshal 1 Islands) 
Berlin 
who1 e northern 
hemisphere 
s i g n i f i c a n t l y  p o s i t i v e  24-hour 
pressure  tendencies during t h e  
f i r s t  day a f t e r  s t rong i s o l a t e d  
f l a r e s ,  occurring i n  winter  a t  
n ight  time. ( i n  NORW 'S opinion 
t h e  evidence is  not  convincing) . 
temperature r i s e  of  about 7 ' ~  
p e r  day a t  a  l eve l  c lose  t o  t h e  
tropopause, with a delay  of l e s s  
than 36 hours a f t e r  a  f l a r e .  
temperature r i s e  during t h e  
f i r s t  24 hours a f t e r  a  f l a r e  of 
t h e  order of 1°C, inc reas ing  
with increas ing height  of t h e  
pressure  l eve l .  
temperature r i s e  (area-mean of  
t h e  hemisphere) of  4 ' ~  from 
June 1 t o  June 2 .  
94 northern hemisphere pressure  reaches an extreme on 
s t a t i o n s  (43 i n  USSR) t h e  t h i r d  t o  four th  day a f t e r  a  
and 9 s t a t i o n s  i n  f l a r e ,  t h e  s ign  of t h e  extreme 
Angola (Africa) depending on t h e  locat ion of  t h e  
s t a t i o n .  
TABLE 1 (Continued) 
author No. of period atmospheric geographical region r e s u l t s  
f  1 ares parameter 
TAKAHASH I 5  4 1957-63 amount and 5 Japanese s t a t i ons  increase of p rec ip i ta t ion  on 
(1966) frequency of t h e  day of the  f l a r e  outburs t .  
occurrence of 
p rec ip i ta t ion  
STOLOV and 41" 1956-61 ground leve l  31 s t a t i ons  i n  no s t a t i s t i c a l  s i gn i f i c an t  
SPAR (1968) pres  sure North America pressure departures following 
t he  f l a r e s .  
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Figure 1. The i n n e r  po r t ion  of  t h e  f i g u r e  i s  a  schematic representa-  
t i o n  of a  s e c t o r  s t r u c t u r e  of  t h e  i n t e r p l a n e t a r y  magnetic f i e l d  t h a t  
i s  suggested by observat ions obtained with t h e  IMP-1 spacec ra f t  i n  
1963. The p lus  s i g n s  (away from t h e  sun) and minus s i g n s  (toward t h e  
sun) a t  t h e  circumference of  t h e  f i g u r e  i n d i c a t e  t h e  d i r e c t i o n  o f  t h e  
measured i n t e r p l a n e t a r y  magnetic f i e l d  during success ive  3-hour i n t e r -  
v a l s .  The devia t ions  about t h e  average s t reaming angle t h a t  a r e  
a c t u a l l y  present  a r e  not  shown. (Af te r  Wilcox and Ness, 1965). 
pressure  sur faces  i s  noted. A l l  t h e s e  phenomena a r e  observed t o  occur 
from one t o  t h r e e  days following t h e  appearance of a  s o l a r  f l a r e .  
In ye t  another form of v a r i a b i l i t y  i n  t h e  s o l a r  output ,  Wilcox 
and Ness (1965) descr ibe  a  s o l a r  magnetic s t r u c t u r e  depicted i n  Figure 
1. This s t r u c t u r e  cons i s t s  of  usua l ly  four  s e c t o r s  i n  t h e  e c l i p t i c  
plane i n  which t h e  i n t e r p l a n e t a r y  f i e l d  i s  genera l ly  d i r e c t e d  e i t h e r  
toward o r  away from t h e  sun. The boundaries of these  s e c t o r s  sweep 
p a s t  t h e  e a r t h  a s  t h e  sun and t h e  in t e rp lane ta ry  magnetic f i e l d  r o t a t e .  
Wilcox e t  a l .  (1973) descr ibe  t h e  v a r i a t i o n s  observed i n  t h e  s o l a r  
output as  these  boundaries overtake t h e  Earth i n  i t s  o r b i t .  They no te  
a  decrease i n  s o l a r  f l u x  preceeding boundary passage with genera l ly  
h igher  f lux  a f t e r  it .  They a l s o  discover t h a t  t h e  average v o r i t i c i t y  
i n  t h e  troposphere nor th  of 2 0 ' ~  l a t i t u d e  reaches a  minimum approxi- 
mately one day a f t e r  t h e  passage of a  s e c t o r  boundary and t h a t  t h i s  
mean v o r t i c i t y  increases  during t h e  next two o r  t h r e e  days. 
I n  t h i s  summary, we have mainly considered t h e  long term c l i m a t i c  
e f f e c t s  o f  t h e  s o l a r  v a r i a b i l i t y .  Lamb (1972) gives a  comprehensive 
summary of  research which tackles  t h i s  problem. In  addi t ion ,  Wollin 
e t  a l .  (1973) show cor re l a t ions  between t o t a l  magnetic i n t e n s i t y  and 
shor t  period c l ima t i c  changes on a geographical b a s i s .  Tenta t ive ly ,  
they conclude t h a t  t rends  i n  i n t e n s i t y  of  t h e  magnetic f i e l d  tend t o  
c o r r e l a t e  negat ive ly  with t e n  year  means of a i r  temperature. Moreover, 
they r e a l i z e  t h a t  both processes may proceed from p a r a l l e l  r eac t ions  
t o  s o l a r  v a r i a b i l i t y .  Sinno and Higashimura (1969) and Shapley and 
Beynon (1965), among o the r s ,  c o r r e l a t e  s t r a t o s p h e r i c  warnings and 
fmin ' t h e  minimum r e f l e c t e d  frequency o f  t h e  ionosphere, but t h i s  
phenomena w i l l  no t  be discussed f u r t h e r  here.  
In  summary, t h e  l i t e r a t u r e  abounds with c o r r e l a t i o n s  between s o l a r  
v a r i a b i l i t y  and s e v e r a l  t roposphe r i c  parameters.  Some of  t h e s e  cor re-  
l a t i o n s  have been h igh  while o t h e r s  have n o t .  In  add i t i on ,  t h e  
p o s s i b i l i t y  o f  spur ious  c o r r e l a t i o n s  i n  some r e s u l t s  must be considered 
Severa l  researcheps d i scuss  o r  specu la t e  about a mechanism which can 
c a r r y  out  t h e  observed r e a c t i o n s ,  but t h e r e  appears  t o  be l i t t l e  agree-  
ment on t h e  r e l a t i v e  importance o r  f e a s i b i l i t y  of t h e  mechanisms. 
These w i l l  be presented  i n  a l a t e r  s ec t ion .  
A REACTION I N  THE STRATOSPHERE TO SOLAR VARIABILITY 
Only a  few re sea rche r s  have even b r i e f l y  mentioned a  poss ib l e  
r eac t ion  of  s t r a t o s p h e r i c  flow t o  s o l a r  v a r i a b i l i t y .  Manson (1969) 
s t u d i e s  t h e  1963 f i n a l  sp r ing  warming i n  t h e  a n t a r c t i c  and concludes 
t h a t  t h e r e  i s  i n s u f f i c i e n t  atmospheric d a t a  t o  confirm t h e  hypothes is  
t h a t  s t r a t o s p h e r i c  warmings a r e  t r i g g e r e d  by s o l a r  p a r t i c l e  i n f l u x .  
He mentions t h a t  a  more d e t a i l e d  knowledge of t h e  photochemistry of 
ozone a t  he igh t s  up t o  110 km is  needed. W i l l e t t  (1968) compares 
s t r a t o s p h e r i c  warmings and t o t a l  ozone v a r i a b i l i t y  i n  both t h e  a r c t i c  
and a n t a r c t i c  s t r a t o s p h e r e  and concludes t h a t  s o l a r  corpuscular  r ad i a -  
t i o n  along with t h e  i n i t i a l  s t a t e  of flow may account f o r  t h e  observed 
d i f f e rences  i n  t h e  two regimes. Labitzke (1964) d e t e c t s  a  warming i n  
t h e  s t r a to sphe re  a t  10 m i l l i b a r s  fol lowing a  geomagnetic storm, but  
no te s  t h a t  such warmings a re  not  perceived a t  lower l e v e l s .  Wilcox 
e t  a l .  (1973) d iscover  t h a t  i n  t h e  lower s t r a t o s p h e r e  t h e i r  " v o r t i c i t y  
a r ea  index," which i s  r e l a t e d  t o  t h e  a r e a  and i n t e n s i t y  o f  cyclones 
and t roughs ,  shows a  minimum n e a r  t h e  t ime of  a  pass ing  of a  s e c t o r  
boundary with numerical ly  i nc reas ing  values two o r  t h r e e  days l a t e r .  
This  e f f e c t  i s  most prominent a t  mid- la t i tudes  but  i s  no t  d e t e c t i b l e  
a t  mid-levels i n  t h e  s t r a t o s p h e r e .  Schuurmans (1969) observed t h a t  
no changes i n  t h e  he igh t  of p re s su re  su r f aces  i n  t h e  lower s t r a t o s p h e r e  
occurred fol lowing f l a r e  a c t i v i t y .  London e t  a l .  (1959) show t h a t  
over  a  f i v e  yea r  pe r iod  over  t h e  United S t a t e s ,  any c o r r e l a t i o n  between 
geomagnetic v a r i a t i o n s  and 100 m i l l i b a r  he ight  g rad ien t s  i s  e i t h e r  
n e g l i g i b l y  small  o r  nonexis ten t .  Ward (1960) concludes t h a t  any 
c o r r e l a t i o n  between s o l a r  v a r i a b i l i t y  and 100 m i l l i b a r  temperatures  i s  
a t  bes t  ba re ly  d e t e c t i b l e .  Such r e s u l t s  a r e  e i t h e r  inconclus ive  o r  
discouraging t o  one who at tempts  t o  promote a  r eac t ion  i n  t h e  s t r a t o -  
sphere t o  t h e  sun ' s  inconstancy.  None of t hese  papers  dea l s  with t h e  
r eac t ion  of t h e  p o l a r  n i g h t  vor tex  over a  l a r g e  number of  events ,  
however; and we w i l l  d ea l  with t h i s  problem. 
With t h i s  i n  mind, we w i l l  embark on a  s t a t i s t i c a l  exp lo ra t ion  of 
s t r a t o s p h e r i c  flow which i s  assoc ia ted  with t h e  s i z e  and shape o f  t h e  
p o l a r  vor tex .  In  p a r t i c u l a r  we w i l l  de f ine  such parameters f o r  t h e  
flow a t  10 m i l l i b a r s  and attempt t o  deduce whether warmings de t ec t ed  
a t  t h i s  l eve l  can be observed a t  o t h e r  l e v e l s .  We w i l l  confine our- 
s e l v e s  t o  t h e  no r the rn  hemisphere mid - l a t i t udes  and p o l a r  l a t i t u d e s  
during t h e  months o f  November through March ( i n  t h i s  paper  c a l l e d  t h e  
"cold season").  A s e t  o f  d a t a  dea l ing  with t h e  500 m i l l i b a r  l e v e l  
over  t h e  nor thern  hemisphere during t h e s e  t ime pe r iods  w i l l  a l s o  be 
s tud ied .  
The superposed epoch method was used t o  i n v e s t i g a t e  r e l a t i o n s h i p s  
between t h e  v a r i a t i o n s  of s o l a r  output  and flow i n  t h e  atmosphere. 
This  method compares two s e t s  of  da t a :  key events  a r e  s e l e c t e d  from 
one s e t ,  and t h e  values of t h e  o t h e r  s e t  which surround a l l  such 
events  a r e  noted and averaged. In t h i s  paper ,  twenty-nine days 
surrounding each key event a r e  used i n  a  s i n g l e  epoch. These range 
from t h e  fou r t een th  day preceding an event t o  t h e  fou r t een th  day 
following i t .  These da t e s  a r e  noted a s  D -14, D-13, - a ,  D - l ,  Do,  D l ,  
... , D14. The key event occurs on D In  t h i s  s e c t i o n  we employed 0 ' 
a s e t  of i nd ices  o f  geomagnetic a c t i v i t y  t o  be used i n  determining t h e  
key events .  We developed two s e p a r a t e  s e t s  of  d a t a  of  "react ing" 
events ,  one dea l ing  with t h e  p o l a r  t roposphere and t h e  o t h e r  with t h e  
p o l a r  s t r a t o s p h e r e .  These t h r e e  s e t s  of  d a t a  w i l l  be descr ibed  f i rs t ,  
and t h e i r  comparisons and r e s u l t s  using t h e  superposed epoch method 
w i l l  fol low.  
1. The Data. 
To develop an ob jec t ive  method f o r  determining a sudden i n c r e a s e  
i n  geomagnetic a c t i v i t y ,  we used t h e  d a i l y  p l ane t a ry  geomagnetic 
a c t i v i t y  index, A as  publ ished by t h e  National  Geophysical and So la r -  
P , 
T e r r e s t r i a l  Data Center .  This  is a d a i l y  g loba l  index of geomagnetic 
a c t i v i t y  which v a r i e s  d i r e c t l y  with t h e  s e v e r i t y  o f  t h e  storm. Key 
da t e s  of  t h i s  a c t i v i t y ,  c a l l e d  "Geomagnetic Key Dates" were s e l e c t e d  
according t o  two c r i t e r i a :  The d a i l y  A value must be g r e a t e r  t han  o r  
P 
equal t o  15,  and t h e  inc rease  from t h e  previous d a i l y  value must be 
a t  l e a s t  a s  l a rge  a s  t h e  monthly average value of  A . These a r e  t h e  
P 
same two c r i t e r i a  used i n  t h e  paper  by Roberts and Olson (1973). The 
key da t e s  cover seventeen years  from 1953 through 1969 and t h e r e f o r e  
a r e  a v a i l a b l e  f o r  a l l  w in t e r s  f o r  which we have t roposphe r i c  and 
s t r a t o s p h e r i c  d a t a  a v a i l a b l e .  
Our s e t  of d a t a  f o r  t h e  s t r a t o s p h e r e  parameter izes  t h e  s i z e  and 
convolution of t h e  p o l a r  vor tex  a t  10 m i l l i b a r s .  I t  i s  i d e n t i c a l  t o  
t h a t  used i n  t h e  previous s tudy  by R e i t e r  and Macdonald (1973). The 
30,640 meter contour a t  t h i s  p re s su re  l e v e l  gene ra l ly  l i e s  n e a r  t h e  
edge of t h e  p o l a r  vor tex  during t h e  months from November through March. 
The l a t i t u d e  va lue  of t h i s  contour a t  30'-longitude i n t e r v a l s  i s  noted 
f o r  each day, g iv ing  twelve such va lues .  The mean o f  t h e s e  l a t i t u d e s  
g ives  a rough i d e a  of  t h e  a r e a l  e x t e n t ,  although n o t  of  t h e  i n t e n s i t y ,  
of t h e  vo r t ex .  The s tandard  dev ia t ion  o f  t h e s e  va lues  gives an ind ica -  
t i o n  of t h e  convolution o r  mer id iona l i t y  of  t h e  vor tex  flow. For each 
day i n  twelve cold seasons (November through March) , 1957-58 through 
1968-69, we obtained a mean l a t i t u d e  va lue  as well  as a s tandard  
dev ia t ion  value f o r  t h i s  contour l i n e .  
The t roposphe r i c  d a t a  dea l  with t h e  d a i l y  s i z e  of  t h e  500 m i l l i b a r  
cold pool .  General ly  t h e  - 3 0 ' ~  isotherm l i e s  nea r  t h e  p o l a r  f r o n t  a t  
t h i s  l e v e l ,  and t h e  a r e a  enclosed by t h i s  isotherm should g ive  an 
i n d i c a t i o n  of  t h e  a r e a l  ex t en t  o f  t h e  cold pool .  We planimetered t h e  
a r e a  enclosed by t h i s  isotherm from maps publ ished by t h e  U.  S.  Weather 
Bureau f o r  each day i n  t e n  cold season 1953-54 through 1962-63. Values 
f o r  two of  t h e  seasons,  1961-62 and 1962-63, were taken  from opera- 
t i o n a l  c h a r t s  while t h e  o t h e r s  were taken from t h e  Daily S e r i e s  
Synoptic  Weather Maps publ ished by t h e  U .  S .  Weather Bureau. Por t ions  
of t h i s  a r ea  which occas iona l ly  broke away from t h e  main cold pool 
were d is regarded  un le s s  t hey  "rejoined" t h e  pool a t  a l a t e r  t ime.  
This  d a t a  s e t  c o n s i s t s  of  t h e  d a i l y  a r e a  of  t h e  500 m i l l i b a r  co ld  pool 
i n  a r b i t r a r y  u n i t s .  
2. The Comparisons . 
F i r s t  l e t  us compare t h e  Geomagnetic Key Dates with t h e  mean 
i a t i t u d e  and s tandard  dev ia t ion  o f  t h e  p o l a r  vo r t ex ,  our  s t r a t o s p h e r i c  
da t a .  Ninety-eight key d a t e s  based on t h e  c r i t e r i a  a l ready  given i n  
(1.) were s e l e c t e d  from n ine  cold seasons,  1960-61 through 1968-69. 
The mean va lues  of  t h e s e  two s e t s  o f  s t r a t o s p h e r i c  d a t a  f o r  t h e  98 
epochs surrounding t h e  key events  a r e  shown i n  Figure 2 .  Note t h e  
s i g n i f i c a n t  i n c r e a s e  i n  mean l a t i t u d e  of t h e  30,640 meter contour ,  
i n d i c a t i n g  a  shr inkage of t h e  p o l a r  vor tex ,  from t h e  t h i r d  t o  t h e  
e igh th  day fol lowing t h e  geomagnetic event .  The Wilcoxon Rank-Sum 
Tes t  shows t h a t  t h e  Dl  through Dlq mean l a t i t u d e s  a r e  s t a t i s t i c a l l y  
s epa ra t e  from t h e  D-14 through D - l  means a t  t h e  99 p e r  cent s i g n i f i -  
cance l e v e l .  Most perp lex ing  i s  t h e  s l i g h t  i nc rease  i n  mean l a t i t u d e  
along with a  corresponding sharp inc rease  i n  s tandard  dev ia t ion  
preceding t h e  key d a t e .  To i n v e s t i g a t e  t h i s  s i t u a t i o n ,  we reduced our  
key da t e s  t o  only those  which were preceded by a t  l e a s t  n i n e  non-key 
d a t e s .  This  e l imina te s  t h e  "pre event" compounding e f f e c t s  of - .  . 
sequences o f  key events .  Forty key da t e s  met t h i s  new c r i t e r i o n .  I t  
was no t i ced ,  however, t h a t  a  sudden break-up o f  t h e  p o l a r  vor tex  
c i r c u l a t i o n  occurred dur ing  two o f  t h e s e  epochs: t h e  mean l a t i t u d e  o f  
t h e  30,649 meter contour f l u c t u a t e d  by a s  much a s  20" l a t i t u d e  i n  one 
day f o r  t h e s e  two cases .  Af t e r  e l imina t ing  t h e s e  sequences,  we a r e  
l e f t  with t h e  mean va lues  of 38 epochs, and t h e s e  a r e  shown i n  Figure 
3 .  Note t h e  r a p i d  inc rease  i n  mean l a t i t u d e  from D3 through D,; Also, 
t h e  s tandard  devia t ion  of t h e  vor tex  jumps most markedly from D5 
through D8. These f i g u r e s  i n d i c a t e  t h a t  a  f o u r  t o  f i v e  day shrinkage 
of t h e  p o l a r  vor tex  a t  t h e  10 m i l l i b a r  l e v e l  fol lows a  Key Geomagnetic 
Date by about t h r e e  days, with a s l i g h t  i n c r e a s e  i n  t h e  e l l i p t i c i t y  
o f ,  o r  meridional  t r a n s p o r t  by, t h e  p o l a r  vor tex  l a t e r  i n  t h e  pe r iod  
of t h e  shrinkage.  
Returning t o  t h e  98 o r i g i n a l  epochs and t ak ing  them ind iv idua l ly ,  
we t r i e d  t o  determine t h e  s t a t i s t i c a l  s i g n i f i c a n c e  o f  t h e  D through 7 
D1l mean l a t i t u d e s  compared with some pre-key event va lues .  
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Figure  2 .  Superposed epoch averages  o f  t h e  d a i l y  mean l a t i t u d e ,  $ 
( t o p  diagram) , and t h e  d a i l y  s t a n d a r d  d e v i a t i o n ,  a (bottom diagram) , 
of  t h e  30,640 meter con tour  l i n e  a t  10 m i l l i b a r s  surrounding Key 
C;comagnetic Da tes .  Data averaged were t aken  from 98 c a s e s  i n  9 
c o l d  seasons  (November th rough  March) f o r  t h e  y e a r s  1960-61 th rough  
1968-69. \ I 
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Figure  3 .  Same a s  F igure  2 except  t h a t  t h e  d a t a  exc ludes  t h o s e  
epochs i n  which t h e  key d a t e  was n o t  preceded by a t  l e a s t  n i n e  
non-key d a t e s .  I t  a l s o  exc ludes  two e v e n t s  f o r  r e a s o n s  d e s c r i b e d  
i n  t h e  t e x t .  The mean v a l u e s  o f  38 c a s e s  a r e  t h e r e f o r e  shown. 
S p e c i f i c a l l y ,  we used t h e  D through D- l  mean l a t i t u d e s  f o r  t h e  pre-  -10 
event c a l c u l a t i o n s ,  g iv ing  a  t o t a l  of f i f t e e n  va lues  t o  be compared 
f o r  each epoch. A simple rank sum t e s t  was used t o  compare t h e s e  two 
s e t s  of d a t a  and t o  determine t h e  s t a t i s t i c a l  s ign i f i cance  of t h e i r  
s epa ra t ion .  In  52 of t h e  98 epochs t h e  mean l a t i t u d e  of  t h e  D7 through 
D l l  d a t a  i s  g r e a t e r  than t h e  pre-event va lues  a t  t h e  95 p e r  cent 
s ign i f i cance  l e v e l .  In o t h e r  words, i n  more than h a l f  o f  t h e  key 
epochs t h i s  D7 through Dll i nc rease  i n  mean l a t i t u d e  fol lowing t h e  
key event i s  s i g n i f i c a n t .  
Three seasons with s t r a t o s p h e r i c  and geomagnetic d a t a  (1957-58 
through 1959-60) remain, and we used t h i s  d a t a  t o  determine whether 
t h e  same t r e n d  w i l l  develop from new, independent da t a .  Thir ty-one 
key Geomagnetic Dates were chosen from t h i s  sample. Again we s e l e c t e d  
only those  key da t e s  which were preceded by a t  l e a s t  n ine  non-key 
d a t e s .  Fourteen cases  remained, and t h e  r e s u l t s  of  t h e  superposed 
epoch ana lys i s  f o r  t h e s e  events  a r e  shown i n  Figure 4 .  Note a  s i m i l a r  
t r e n d  toward an inc rease  i n  mean l a t i t u d e  fol lowing t h e  geomagnetic 
event ( i n  t h i s  case  from s i x  t o  e i g h t  days fol lowing t h e  key d a t e ) .  
The l a r g e  inc rease  i n  s tandard  dev ia t ion  preceding t h e  key d a t e  i s  
due mostly t o  a  s i n g l e  event ,  while t h e  inc rease  preceding D8 i s  more 
gene ra l .  Of course t h e  d a t a  sample s i z e  i s  small ,  but we merely wish 
t o  confirm t h e  r e s u l t s  ob ta ined  from t h e  p rev ious ly  s tud ied  nine-year  
sample. 
Also we t r i e d  t o  determine a  mean 500 m i l l i b a r  co ld  pool response 
surrounding s i m i l a r  geomagnetic events .  Since t h e  t roposphe r i c  d a t a  
and t h e  s t r a t o s p h e r i c  d a t a  cover d i f f e r e n t  seasons,  t h e  key da t e s  a r e  
no t  e x a c t l y  t h e  same, however t h e  c r i t e r i a  used i n  s e l e c t i n g  them 
remain i d e n t i c a l .  The t e n  co ld  seasons which were used ran from 
1953-54 through 1962-63, and 113 days were s e l e c t e d  a s  Key Geomagnetic 
Dates from t h i s  pe r iod .  The mean va lues  of t h e  a r e a  within t h e  -30°C 
isotherm surrounding t h e  key d a t e s  a r e  shown i n  Figure 5 ( a ) .  No 
s t a t i s t i c a l l y  s i g n i f i c a n t  v a r i a t i o n  can be determined from t h i s  da t a .  
S e l e c t i n g  only those  key d a t e s  which were preceded by a t  l e a s t  n i n e  
non-key d a t e s ,  we noted t h e  mean a r e a  v a r i a t i o n s  which a r e  given i n  
Figure 5 ( b ) .  Again, no  s i g n i f i c a n t  v a r i a t i o n  i s  apparent .  We a r e ,  
t h e r e f o r e ,  unable t o  d e t e c t  any s i g n i f i c a n t  v a r i a t i o n  i n  t h e  s i z e  of 
t h e  500 m i l l i b a r  cold pool fol lowing a  p e r i ~ d  of  increased  s o l a r  
a c t i v i t y .  
3 .  Sec to r  Boundary Events.  
Occasional ly,  and o f t e n  a t  t h e  t ime of a  geomagnetic storm, t h e  
o r i e n t a t i o n  of  t h e  i n t e r p l a n e t a r y  magnetic f i e l d  switches (Wilcox and 
Ness, 1965). Wilcox e t  a l .  (1973) observed a  v o r t i c i t y  minimum i n  t h e  
t roposphere and lower s t r a to sphe re  no r th  of 2 0 ' ~  l a t i t u d e  about one 
day a f t e r  t h e  passage of  a  s e c t o r  boundary of t h e  i n t e r p l a n e t a r y  
magnetic f i e l d .  No overlap of  our  t roposphe r i c  d a t a  and t h e  y e a r s  f o r  
which we have s e c t o r  d a t a  a v a i l a b l e  occurred, but  we though it might 
prove i n t e r e s t i n g  t o  determine whether such an event  had an e f f e c t  on 
t h e  c i r c u l a t i o n  of t h e  s t r a t o s p h e r i c  p o l a r  vor tex  a t  10 m i l l i b a r s .  
Forty-two da t e s  o f  s e c t o r  boundary passage, i r r e s p e c t i v e  of t h e  
d i r e c t i o n  o f  t h e  switch i n  o r i e n t a t i o n  o f  t h e  i n t e r p l a n e t a r y  f i e l d ,  
were s e l e c t e d  from t h e  co ld  seasons from 1963-64 through 1968-69. 
These were c a l l e d  Sec to r  Key Dates,  and t h e  superposed epoch method 
was used t o  determine a  mean s t r a t o s p h e r i c  r eac t ion  surrounding t h e s e  
Days 
Figure  4 .  Same a s  F igure  3 except  t h a t  t h e  d a t a  a r e  t aken  from t h e  
seasons  1957-58 th rough  1959-60. Four teen epochs a r e  used i n  com- 
put i n g  t h e  observed r e s u l t s .  
Figure  S ( a ) .  Superposed epoch averages  of t h e  d a i l y  a r e a  ( i n  a r b i t r a r y  
u n i t s )  o f  t h e  c o l d  pool  (T < 30°C) a t  500 m i l l i b a r s  su r rounding  Key 
Geomagnetic Dates .  Such d a r e s  (113 i n  a l l )  were s e l e c t e d  from November 
th rough  March i n  t h e  seasons  1953-54 th rough  1962-63. 
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Figure  S ( b )  . Same a s  F i g .  5 (a)  except  t h a t  Key Dates i n c l u d e  o n l y  t h o s e  
preceded by a t  l e a s t  9 non-key da te s .  F o r t y - f i v e  epochs were used i n  
t h e s e  computat ions .  
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d a t e s .  The mean of t h e  30,640 meter contour mean l a t i t u d e  and t h e  
mean of i t s  s tandard  devia t ion  surrounding t h e s e  events  a r e  shown i n  
Figure 6 .  Note t h e  s l i g h t  decrease i n  mean l a t i t u d e  (expansion of t h e  
p o l a r  vortex)  fol lowing t h e  key d a t e ,  with r e l a t i v e l y  lower va lues  o f  
mean l a t i t u d e  from D through D 3 7 ' 
Using a  simple rrmk sum t e s t ,  we compared t h e  va lues  f o r  t h e s e  
f i v e  days with those  of t h e  D through D- l  segment s e p a r a t e l y  f o r  -10 
each of t h e  for ty- two epochs. In  four teen  of  t h e  ca ses ,  t h e  D3 
through D7 s'mple was lower than t h e  pre-key d a t e  sample a t  t h e  95 
per  cent s i g n i f i c a n c e  l e v e l .  In s i x t e e n  of  t h e  cases ,  however, t h i s  
through D sample was a c t u a l l y  g r e a t e r  than  t h e  p r e  key da t e  sample 3 7 
above t h e  95 pe r  cent s i g n i f i c a n c e  l e v e l .  Thus we could e s t a b l i s h  no 
s t a t i s t i c a l l y  s i g n i f i c a n t  t r end .  
From t h e  r e s u l t s  presented  i n  t h i s  s e c t i o n ,  one can conclude t h a t  
t h e  p o l a r  vortex edge a t  10 m i l l i b a r s  appears t o  w a n ,  o r  a t  l e a s t  t o  
s teepen i t s  contour g rad ien t ,  a f t e r  a  per iod o f  r ap id  inc rease  i n  
s o l a r  a c t i v i t y  de tec ted  on e a r t h .  The s e l e c t i o n  of key da t e s  which 
were preceded by a t  l e a s t  n ine  non-key da t e s  and t h e  e l i m i n a t i o ~  o f  
cases  which were a s soc i a t ed  with a  major readjustment i n  vo r t ex  flow 
were used i n  d iscern ing  t h i s  r eac t ion .  These a r e  t h e  b a s i c  f a c t o r s  
which we uscd t o  c l imina te  c e r t a i n  key da t e s  from oar sample. One 
might aim i n f c r  from Figure 3  t h a t  a s  t h i s  warming occurs ,  t h e r e  i s  
an inc rcasc  i n  t h c  meridional component of t h e  geos t rophic  flow nea r  
t h e  vor tex  edgc. Mahlman (1966) shows t h a t  during a  sudden warming 
i n  t h e  s t r a t o s p h c r e  (more severe  than our events)  t h e  v e r t i c a l  motion 
p a t t e r n  ~n  t h e  lower s t r a to sphe re  i n t e n s i f i e s  but does not  chaiige 
d i r e c t i o n .  (See Figure 7 . )  In order  t o  o b t a i a  a warming over  t h e  
Days 
Days 
Figure 6 .  The superposed epoch averages of t h e  d a i l y  mean l a t i t u d e  (6) 
and t h e  d a i l y  s tandard devia t ion  (o) of  t h e  30,640 meter contour a t  10 
mi l l i b a r s  surrounding Key Sec to r  Dates.  Forty-two cases  were included 
from November through March in  t h e  seasons 1963-64 through 1968-69. 
p o l e ,  t h e r e f o r e ,  t h e  hea t ing  must be suppl ied  by ho r i zon ta l  advect ion,  
although t h e r e  could be loca l i zed  subsidence i n  t h i s  reg ion .  Our 
de tec ted  inc rease  i n  t h e  meridional component of s t r a t o s p h e r i c  flow 
may be assoc ia ted  with t h i s  ho r i zon ta l  advect ion.  One might i n f e r  
from Figure 7 ,  however, than an inc rease  i n  t h e  i n t e n s i t y  o f  t h e  
subsiding a i r  over mid- la t i tudes  could produce an inc rease  i n  tempera- 
t u r e  nea r  t h e  vor tex  edge. Horizontal  advection of  warmer a i r  a s  well  
a s  i n t e n s i f i e d  subsidence probably both p l ay  a  r o l e  i n  our de t ec t ed  
warmings . 
The f a c t  t h a t  no response i s  found i n  t h e  a r ea  of  t h e  500 m i l l i -  
b a r  cold pool  r ep re sen t s  a  chal lenge which w i l l  be undertaken i n  t h e  
next  s e c t i o n .  Ce r t a in ly  t h e  inc rease  i n  he ight  noted by Schuurmans 
(1969) o f  a l l  t r oposphe r i c  p re s su re  l e v e l s  i n  mid- Ia t i tudes  along with 
t h e  decrease i n  he ight  of  t h e s e  same p re s su re  su r f aces  a t  high 
l a t i t u d e s  would suggest a  de t ec t ab le  r eac t ion  i n  t h e  500 m i l l i b a r  
cold pool s i z e .  Schuurmans (op. c i t . )  uses  s o l a r  f l a r e  occurrence a s  
h i s  index of a c t i v i t y ,  and he at tempts  t o  show c a l c u l a t i o n s  which 
suggest  a  mechanism t ak ing  p lace  a t  t h e  tropopause l e v e l ,  bypassing 
any hea t ing  of  h igher  l e v e l s  which would con t r ibu te  s i g n i f i c a n t l y  t o  
t roposphe r i c  e f f e c t s .  He sugges ts  t h a t  height  r i s e s  i n  mid - l a t i t udes  
nea r  t h e  tropopause a r e  propagated t o  t h e  su r f ace  i n  a  ma t t e r  o f  
t h r e e  days. Schuurmans' mechanism w i l l  be d iscussed  l a t e r ,  but  it is  
f r u s t r a t i n g  indeed t h a t  we can observe no such companion t r e n d  i n  our  
r e s u l t s .  
The lack of a  s t a t i s t i c a l l y  s i g n i f i c a n t  v a r i a t i o n  i n  s t r a t o s p h e r i c  
flow surrounding t h e  passage of a  s e c t o r  boundary i s  a l s o  somewhat 
confusing. According t o  Wilcox e t  a l .  (1973) t h e r e  was no d i f f e r e n c e  
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Figure 7.  Area averaged v e r t i c a l  motion (c) i n  km daym1 f o r  
i nd ica t ed  per iods  before ,  during,  and a f t e r  p o l a r  n i g h t  vo r t ex  
breakdown of January-February 1958. Hatching denotes a r e a  o f  
r i s i n g  motion. (From Mahlman, 1966) . 
i n  t h e i r  r e s u l t s  when they  separa ted  t h e i r  d a t a  i n t o  two ca t egor i e s  
according t o  t h e  d i r e c t i o n  of  t h e  swi tch  i n  o r i e n t a t i o n  o f  t h e  i n t e r -  
p l a n e t a r y  magnetic f i e l d .  This  problem should not  a f f e c t  ou r  r e s u l t s  
e i t h e r .  
DOWNWARD PROPAGATION OF STRATOSPIiERIC WARMINGS 
I t  i s  somewhat perplexing t h a t  t h e r e  i s  no apparent g loba l  
response i n  t h e  t roposphere t o  s o l a r  v a r i a b i l i t y  according t o  our  
r e s u l t s .  Other au thors  (Schuurmans , 1969; Wilcox e t  a l .  , 1973) have, 
however, found one. Labitzke (1964) has  de t ec t ed  some warmings a t  
10 m i l l i b a r s  which d id  no t  p e n e t r a t e  even a s  low as  30 m i l l i b a r s .  
R e i t e r  and Macdonald (1973) i n d i c a t e  t h a t  t h e  t roposphere r e a c t s  t o  
sudden, s t rong  warnings i n  t h e  s t r a to sphe re  and t h a t  t h e s e  t roposphe r i c  
warmings tend  t o  occur about two days l a t e r .  R e i t e r  (1963) shows t h a t  
a  s t rong  p re s su re  su r f ace  r i s e  a t  15 m i l l i b a r s  may propagate downward 
and be no t i ced  a t  t h e  100 m i l l i b a r  l e v e l  s eve ra l  days l a t e r .  
I n  t h i s  s e c t i o n ,  we w i l l  t a k e  warnings which were perceived a t  
10 m i l l i b a r s  nea r  t h e  p o l a r  vor tex  edge and attempt t o  d i sce rn  whether 
such warmings a r e  propagated downward both i n t o  t h e  lower s t r a t o s p h e r e  
and i n t o  t h e  t roposphere.  Our pa th  w i l l  be t o  s e l e c t  key da t e s  of  
warming a t  t h e  10 m i l l i b a r  l e v e l  and p l o t  t h e  mean he igh t s  o f  t h e  
remaining s t r a t o s p h e r i c  pressure  su r f aces  both preceding and fol lowing 
t h e  key event .  Three s e p a r a t e  s e t s  of warming c r i t e r i a  w i l l  be 
employed i n  order  t o  s tudy t h e  e f f e c t s  s epa ra t e ly  o f  weak, moderate, 
and s t rong  warmings. Height d a t a  was a v a i l a b l e  f o r  t h e  10, 30, 50, 
and 100 m i l l i b a r  p re s su re  l e v e l s  on t h e  s tandard  NMC Octagonal Grid 
f o r  each month (November through March) of  f i v e  co ld  seasons,  1964-65 
through 1968-69. Using he igh t s  of  t hese  su r f aces  i n t e r p o l a t e d  f o r  a  
10' l a t i t u d e  by 10' longi tude  g r i d ,  we ca l cu la t ed  zonal mean he igh t s  
and zonal s tandard  dev ia t ions  of  he ight  values f o r  each day of t h e  
f i v e  cold seasons.  
Severa l  d i f f e r e n t  c r i t e r i a  f o r  a  warming event were used, but a l l  
d e a l t  with a  s e r i e s  of t h r e e  three-day mean he ight  values during every 
poss ib l e  overlapping nine-day sequence throughout t h e  cold season. 
Let AH1 and &I2 be defined a s  fol lows:  
where hi r ep re sen t s  t h e  zonal ly averaged he ight  o f  t h e  10 m i l l i b a r  
su r f ace  a t  a  s e l e c t e d  l a t i t u d e  on t h e  - i t h  day of  t h e  nine-day sequence. 
The c l a s s e s  of t h e  warmings and t h e  c r i t e r i a  used t o  s e l e c t  them a r e  
a s  fol lows:  
Warming I :  10 gprn < Ml < 50 gpm and 10 gpm < AH2 < 50 gpm - - 
Warming 11: 50 gprn < AHi < 90 gprn and 10 gpm < AH < 90 gprn - - j 
where i, j = 1 o r  2 
Warming 111: 90 gpm - < AHi and 10 gpm - < AH 
j 
where i ,  j = 1 o r  2 
C lea r ly ,  t h e  Warming I11 events  a r e  t h e  most i n t e n s e  and t h e  Warming I  
events  a r e  t h e  weakest. The key da t e  of each warming sequence, when 
t h e  c r i t e r i a  a r e  met, i s  a r b i t r a r i l y  chosen a s  t h e  middle day ( t h e  
f i f t h  day) of t h e  nine-day sequence. 
Applying t h e s e  c r i t e r i a  t o  zonal he ight  averages a t  S O O N  and 60°N 
and s e l e c t i n g  t h e  key da t e s ,  we w i l l  c a l c u l a t e  t h e  mean v a r i a t i o n  i n  
zonal he ight  averages a t  a l l  f ou r  o f  t h e  previous ly  noted  l e v e l s .  
Figure 8 shows t h e  height  v a r i a t i o n s  o f  t h e  f o u r  p re s su re  l e v e l s  
a t  S O O N  f o r  warmings de t ec t ed  a t  10 m i l l i b a r s  during t h e  seasons 
1964-65 through 1968-69. Figure 8(a) i n d i c a t e s  t h e  mean values of 24  
cases which met Warming I c r i t e r i a .  Figure 8(b) dep ic t s  t h e  mean 
f l u c t u a t i o n s  of  t h e  77 cases  which met Warming I1 c r i t e r i a ,  and Figure 
8(c) shows t h e  he ight  changes f o r  t h e  42 Warming I11 events .  Resul t s  
of warmings a t  6 0 ' ~  were s i m i l a r  t o  t hose  o f  t h e  SOON group and a r e  
not  presented  here .  I t  should be noted t h a t  t h e  key warming d a t e s  f o r  
both these  l a t i t u d e s  tended t o  coincide and t h a t  warmings determined 
s t r i c t l y  a t  one l a t i t u d e  tended t o  show downward propagat ion a t  o t h e r  
l a t i t u d e s .  An i nc rease  i n  t h e  l a t i t u d i n a l  s tandard  dev ia t ion  of 
he ight  values tends t o  occur  p r i o r  t o  t h e  warming event a t  both S O O N  
and a t  6 0 ' ~ .  This again impl ies  t h a t  ho r i zon ta l  meridional t r a n s p o r t  
of hea t  may be a t  l e a s t  p a r t i a l l y  respons ib le  f o r  warmings i n  t h e  
middle s t r a to sphe re .  In  Figure 8 n o t i c e  t h a t  t h e  inc rease  i n  he ight  
of t h e s e  su r f aces  propagates downward from t h e  10 m i l l i b a r  l e v e l .  
Such warmings a r e ,  however, ba re ly  d e t e c t i b l e  a t  t h e  100 m i l l i b a r  
sur face  f o r  t h e  weakest (Warming I )  cases .  These f i g u r e s  suggest  
t h a t  warmings which were ev ident  near  t h e  p o l a r  vor tex  edge probably 
w i l l  be f e l t  a t  lower l e v e l s  i n  t h e  s t r a t o s p h e r e  with a delay of  
s eve ra l  days. 
To approach t h e  problem of r e l a t i n g  t h e s e  10 m i l l i b a r  warmings 
t o  t h e  t roposphere,  we used t h e  30,640 meter contour mean l a t i t u d e  
d a t a  f o r  s e l e c t i n g  key events .  The 500 m i l l i b a r  cold pool a r ea  da t a ,  
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Figure 8 ( a ) .  Superposed epoch averages of mean zonal height  a t  S O O N  
a t  t h e  10,  30, 50,  100 m i l l i b a r  l e v e l s  surrounding key da t e s  s e l e c t e d  
according t o  t h e  Warming I c r i t e r i a .  Each v e r t i c a l  increment repre-  
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Figure 8 ( b ) .  Superposed epoch averages of  mean zonal height  a t  5 0 ' ~  a t  
t h e  10,30,50,100 m i l l i b a r  l eve l s  surrounding key da t e s  s e l ec t ed  accord- 
ing t o  t h e  Warming I1 c r i t e r i a .  Each v e r t i c a l  increment r ep re sen t s  20 gpm. 
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Figure  8 ( c ) .  Superposed epoch averages  o f  mean zona l  h e i g h t  at  SOON a t  
t h e  1 0 ,  30,  50, 100 m i l l i b a r  l e v e l s  su r rounding  key d a t e s  s e l e c t e d  
accord ing  t o  t h e  Warming 111 c r i t e r i a .  Each v e r t i c a l  increment r e p r e -  
s e n t s  20 gpm. 
described e a r l i e r ,  were used i n  an attempt t o  d e t e c t  a t roposphe r i c  
response.  Using our d a t a  f o r  t h e  s i x  seasons i n  which t h e s e  two s e t s  
overlapped (1957-58 through 1962-63), we again took every p o s s i b l e  
nine-day sequence i n  each season and separa ted  each i n t o  t h r e e  t h r e e -  
day sequences. Key s t r a t o s p h e r i c  warming events  were determined i n  
t h e  fol lowing manner: The 30,640 meter contour mean l a t i t u d e  i n  t h e  
second three-day sequence must be g r e a t e r  than  t h e  mean of  t h e  f i rs t  
three-day sequence by two degrees of l a t i t u d e  o r  more, and s i m i l a r l y  
t h e  mean of t h e  t h i r d  three-day  sequence must a l s o  be g r e a t e r  than  
t h e  second by two degrees o r  more. Key da tes  were again chosen a s  t h e  
f i f t h  day ( t h e  middle day) of t h e  nine-day sequence, and 52 such 
sequences i n  t h e  s i x  seasons met both c r i t e r i a .  Using t h e  superposed 
epoch method, we determined t h e  mean response of t h e  t roposphe r i c  cold 
pool a rea  surrounding these  key da t e s .  The mean va lues  of  t h e  p o l a r  
vor tex  mean l a t i t u d e  and t h e  500 m i l l i b a r  cold pool a r e a  a r e  given i n  
Figure 9 .  Note t h e  shrinkage of  t h e  cold pool fol lowing t h e  s t r a t o -  
sphe r i c  warming, with t h e  most s i g n i f i c a n t  shr inkage beginning about 
t h r e e  days a f t e r  t h e  s t r a t o s p h e r i c  warming. To t e s t  t h e  s t a t i s t i c a l  
s ign i f i cance  of t h i s  decrease i n  a r e a  we again used a simple rank sum 
t e s t  s epa ra t e ly  f o r  each of t h e  52 sequences. We compared t h e  a r e a  
va lues  of t h e  D-5 through D - l  sequence with those  of t h e  D8 through 
D12 sequence. In 32 o f  t h e  52 epochs, t h e  values i n  t h e  l a t t e r  sample 
were numerical ly  l e s s  than t h e  former sample a t  t h e  95 pe r  cent 
s i g n i f i c a n c e  l eve l  o r  b e t t e r .  In 40 of  t h e  cases ,  t h e  numerical mean 
of  t h e  D8 through D12 sequence was l e s s  than  t h e  mean o f  t h e  e a r l i e r  
sequence. This  confirms a fo rc ing  upon t h e  t roposphe r i c  co ld  pool  
* 1 I I I I I I 
62 - 
60- - 
- - 58 - 
9 
56 - - 






I I t I I I 
- 
-12 -8 -4 0 4 8 12 
Days 
Figure 9 .  Superposed epoch averages of t h e  30,640 meter contour mean 
l a t i t u d e  (4) a t  10 mb surrounding an inc rease  i n  mean l a t i t u d e  of 4 
degrees o r  more i n  9 days (upper curve) .  The superposed epoch averages 
of  t h e  a r e a  o f  t h e  cold a i r  (T < 30'~) i n  a r b i t r a r y  u n i t s  surrounding 
such events  a r e  shown i n  t h e  lower curve. 
s i z e  by s t r a t o s p h e r i c  warming events  which a r e  weaker than  t h e  events  
discussed by R e i t e r  and Macdonald (1973).  
It. i s  probable t h a t  t h e  reason t h a t  no t roposphe r i c  response t o  
geomagnetic a c t i v i t y  could be shown d i r e c t l y  i s  t h a t  t h e  in te rmediary  
ac t ion  of  t h e  s t r a t o s p h e r e  tends  t o  mask t h i s  e f f e c t  over  t h e  t ime 
s c a l e s  considered he re .  This  would cause t h e  t roposphe r i c  r eac t ion  t o  
be spread over a  g r e a t e r  length of t ime with respec t  t o  t h e  Key 
Geomagnetic Date,  and the re fo re  i t  would be more d i f f i c u l t  t o  d e t e c t  
i n  a s t a t i s t i c a l  sense .  The r e s u l t s  presented i n  t h i s  s e c t i o n  i n d i c a t e  
t h a t  although t h e  s t r a t o s p h e r e  responds more s i g n i f i c a n t l y  t o  geo- 
magnetic a c t i v i t y  than  does t h e  t roposphere,  t h e  r e s u l t i n g  s t r a t o -  
sphe r i c  warming may i n  t u r n  be forced upon t h e  t roposphere.  
S T A B I L I T Y  OF  THE POLAR VORTEX 
Mahlman (1966) has shown t h a t  t h e  s t r a t o s p h e r i c  warming process  
depends d i r e c t l y  on t h e  magnitude of t h e  ho r i zon ta l  eddy t r a n s p o r t  
of  h e a t .  He  has  determined t h a t  a  necessary  condit ion f o r  i n s t a b i l i t y  
i n  t h e  flow of t h e  p o l a r  vor tex  i s  t h a t  t h e  poleward gradien t  of t h e  
zonal mean po ten t i  a1  v o r t i c i t y  on an i s e n t r o p i c  su r f ace  should vanish ,  
. . 
I . e . ,  
aF- - - -  
'ye 
+ f )  averaged around a  l a r i t u d e  c i r c l e .  He a l s o  where P = - 
a p  ( 5 0  
no te s  t h a t  from t h e  c a l c u l a t i o n s  of Ti- i t  was evident  t h a t  v a r i a t i o n s  
a o i n  t h e  - term were more s i g n i f i c a n t  than v a r i a t i o n s  i n  t h e  o t h e r  
a P  
terms.  "- E) t o  With t h i s  i n  mind we w i l l  examine t h e  te r r~ i  - 
determine i t s  value nea r  a  s e r i e s  of geomagnetic even t s .  I t  has  been 
suggested (Schuurmans, 1969; Manson, 1968) t h a t  t h e  atmosphere may 
r e a c t  t o  an i n f l u x  of s o l a r  r a d i a t i o n  when it i s  "nearly" uns tab le  
and t h a t  i t  may not r e a c t  when i t s  flow i s  s t a b l e .  The twenty-two 
key Geomagnetic Dates from t h e  1964-65 through 1968-69 seasons which 
were preceded by a t  l e a s t  n ine  non key d a t e s  were s e l e c t e d ,  and t h e  
a - (- $$) term was ca l cu la t ed  f o r  t h e  30-10 m i l l i b a r  l a y e r .  Since 
p re s su re  su r f aces  and p o t e n t i a l  temperature su r f aces  a r e  both nea r ly  
a - a . The term hor i zon ta l  a t  t h e s e  l e v e l s ,  we w i l l  assume t h a t  -- - 
aye ayp 
a e - - was calculated every 10' l a t i t u d e  by 10' longitude i n  t h e  a P 
l a t i t u d e  band S O O N  t o  80°N from NMC Octagonal Grid data.  Daily zonal 
a e averages of  - -were ca lcula ted  and t h e  meridional gradients  of 
aP 
these  values were determined f o r  t h e  th ree  l a t i t u d e  bands: 50' -60°N, 
60'-70°N, 7 0 ~ - 8 0 ~ N .  
Proceeding with t h e  hypothesis t h a t  t h e  po la r  vortex1 react ion t o  
p r e c i p i t a t i n g  s o l a r  corpuscular r ad ia t ion  w i l l  be s t ronger  when it is 
near ly  unstable than when it is  n o t ,  we w i l l  examine t h e  meridional 
gradient  of po ten t i a l  v o r t i c i t y  near  a Key Geomagnetic Date. When 
t h e  t h r e e  ca lcula ted  gradients  are  of d i f f e r e n t  s ign,  o r  one of t h e  
gradient  values f a l l s  within t h e  range 
f o r  e i t h e r  t h e  day of a geomagnetic event o r  t h e  day immediately 
preceding t h e  key date  o r  t h e  day immediately following it, we w i l l  
l abe l  the  s i t u a t i o n  near ly  unstable.  When t h e  gradients  do not meet 
these  above mentioned c r i t e r i a ,  we w i l l  l abel  t h e  s i t u a t i o n  s t a b l e .  
Of t h e  twenty-two key dates  i n  t h e  f i v e  seasons, s ix teen of t h e  events 
possessed a nea r ly  unstable po la r  vortex and t h e  remaining s i x  were 
s t a b l e .  
The mean value of  t h e  30,640 meter contour d a i l y  mean l a t i t u d e  a s  
well  a s  i t s  standard deviat ion f o r  t h e  f i v e  days preceding each Key 
Geomagnetic Date were determined. The mean value of these  parameters 
from D5 through Dg were a l so  calculated.  Table 2 shows t h e  r e s u l t s  of 
these  computations. In  Column 1 we note  a mean increase  i n  t h e  30,640 
meter mean l a t i t u d e  a f t e r  a key geomagnetic date  when t h e  flow i s  
n e a r l y  uns t ab le ,  and we a l s o  n o t e  an i n c r e a s e  i n  s tandard  devia t ion  
fol lowing such da t e s .  Observe t h a t  i n  Column 2 of  Table 2 f o r  key 
geomagnetic d a t e s  with s t a b l e  flow t h e  inc rease  i n  mean l a t i t u d e  is 
l e s s  than  t h a t  o f  Column 1 while t h e  change i n  s tandard  devia t ion  i n  
both columns i s  comparable. Appendix C shows a  t a b u l a t i o n  of  a l l  
i nd iv idua l  d a i l y  va lues  of mean l a t i t u d e  and s tandard  dev ia t ion  which 
were used i n  c.omputing t h e  va lues  i n  Table 2 .  A rank sum t e s t  appl ied  
t o  each o f  t h e  16 n e a r l y  uns t ab le  events  shows t h a t  t h i s  i nc rease  i n  
mean l a t i t u d e  i s  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  95 per  cent  l e v e l  i n  
n ine  cases .  The i n c r e a s e  i n  s tandard  dev ia t ion  achieved t h e  same 
l eve l  of  s i g n i f i c a n c e  i n  only  f i v e  cases ,  however. 
A v a l i d  c r i t i c i s m  of  t h i s  approach i s  t h a t  s ince  we a r e  e s t ima t ing  
vor tex  i n s t a b i l i t y ,  t h e  observed warming around t h e  vo r t ex  edge might 
have occurred due t o  t h i s  i n s t a b i l i t y  r ega rd l e s s  o f  a  s o l a r  in f luence .  
To overcome t h i s  s h o r t  coming, s ix t een  "complementary key dates"  were 
randomly s e l e c t e d  with t h e  following r e s t r i c t i o n s :  The flow on t h e s e  
d a t e s  met t h e  same c r i t e r i a  a s  t h a t  of  t h e  n e a r l y  uns t ab le  s i t u a t i o n ;  
t h e  da t e s  were no t  assoc ia ted  with a  geomagnetic d i s turbance ;  and one 
d a t e  with exac t ly  t h e  same day and month a s  each o f  t h e  da t e s  of  t h e  
n e a r l y  uns t ab le  flow-geomagnetic key da t e  s i t u a t i o n  was chosen. This  
l a t t e r  c r i t e r i o n  had t h e  e f f e c t  o f  cance l l i ng  any seasonal  b i a s  
introduced i n t o  t h e  o t h e r  sample. In  t h i s  way t h e  mean r e a c t i o n  o f  t h e  
p o l a r  vo r t ex  edge when t h e  vo r t ex  i s  "nearly unstable"  f o r  t h e  
occasions of an a c t i v e  sun and those  of  a  q u i e t  sun can be compared. 
These computed mean values a r e  shown i n  t h e  t h i r d  column of  Table 2 .  
Notice t h a t  on t h e  average a  cool ing a s  wel l  a s  a  decrease i n  t h e  
meridional  component of t h e  geos t rophic  flow n e a r  t h e  edge of t h e  
p o l a r  vor tex  i s  implied.  Oddly enough, an inc rease  i n  mean l a t i t u d e  
and an inc rease  i n  s tandard  devia t ion  o f  t h i s  contour occurs  i n  
seven of  t h e  s i x t e e n  cases .  This  i s  n e a r l y  what one would expect f o r  
a  random f l u c t u a t i o n .  
Apparently t h e  p o l a r  vor tex  r e a c t s  t o  s o l a r  v a r i a b i l i t y  t o  a  
g r e a t e r  degree when t h e  flow i s  n e a r l y  uns t ab le  a s  opposed t o  when 
t h e  flow i s  more s t a b l e .  An equiva len t  r eac t ion  f o r  n e a r l y  uns t ab le  
flow without a  sudden inc rease  i n  geomagnetic a c t i v i t y  i s  not  no t i ced .  
A cornparisoil of mean va lues  of t h e  10 m i l l i b a r  30,640 meter contour  mean 
l a t i t u d e  and s t anda rd  dev ia t ion  f o r  s p e c i f i c  f i v e  day 
pe r iods  preceding and fol lowing c e r t a i n  key even t s .  
Mean va lue  o f  
D-5 through D - 1 
Column 1  
Key geomagnetic 
d a t e s ,  flow n e a r l y  
u n s t a b l e .  
Column 2 
Key geomagnetic 
d a t e s ,  flow 
s t a b l e .  
Column 3 
Non -key geomagnetic 
d a t e s ,  flow 
n e a r l y  u n s t a b l e .  
mean l a t i t u d e .  
Mean value o f  
D5 through D 
9 
mean l a t i t u d e .  
Mean value o f  
D-5 through D-l  
s tandard  d e v i a t i o n .  
Mean va lue  o f  
D through D 
5 9 
s tandard  d e v i a t i o n .  
Number of c a s e s .  
POSSIBLE MECHANISMS 
Several  mechanisms have been suggested. These t ake  t h e  r e 1  a t i v e  l y  
small  amount of energy a s soc i a t ed  with s o l a r  v a r i a b i l i t y  and t r i g g e r  
r e a c t i o n s  i n  t h e  s t r a to sphe re  which a r e  a s soc i a t ed  with comparatively 
la rge  amounts of  energy. We w i l l  p resent  some of them he re ,  and we 
w i l l  d i s cuss  t h e  imp l i ca t ions  of  our f i nd ings  upon these  schemes. 
1. The Po la r  Vortex Center .  
Before determining t h e  mechanism which br ings  about t h e  shrinkage 
of t h e  p o l a r  vor tex  discussed i n  t h e  preceding s e c t i o n ,  it is  impor- 
t a n t  t o  examine t h e  f l u c t u a t i o n s  of t h e  vor tex  cen te r  surrounding such 
warming events .  I f  t h e  cen te r  contour a t  10 m i l l i b a r s  shows a marked 
inc rease  a t  t h e  t ime t h a t  t h e  edge of  t h e  vor tex  sh r inks ,  a mechanism 
of l a r g e  s c a l e  subsidence would suggest i t s e l f .  A schematic i n d i c a t i o n  
of a t y p i c a l  event of  t h i s  type ,  i f  it e x i s t s ,  i s  shown i n  F igure  10. 
On t h e  o t h e r  hand, i f  t h e  c e n t e r  contour remained e s s e n t i a l l y  a t  t h e  
same va lue  o r  became numerical ly  l e s s  during shrinkage,  a s teepening 
of t h e  contour grad ien t  nea r  t h e  edge o f  t h e  v o r t e x  would be a s soc i a t ed  
with a cont rac t ion  of t h e  vo r t ex  edge. Some mechanism, such a s  mass 
importat ion o r  warming only along a r a t h e r  narrow b e l t ,  would be 
ind ica t ed .  Figure 11 shows a schematic i n t e r p r e t a t i o n  o f  an event of  
t h i s  type .  
We examined t h e  f l u c t u a t i o n s  i n  c e n t r a l  contour va lue  dur ing  a 
29 day epoch surrounding a con t r ac t ion  o f  t h e  vor tex  edge. A s  before  
we used t h e  c r i t e r i o n  i n  which t h e  mean l a t i t u d e  of  t h e  30,640 m 
contour a t  10 m i l l i b a r s  increased  by f o u r  degrees o r  more i n  n ine  
days us ing  t h e  method with t h e  t h r e e  day means descr ibed  i n  t h e  p r e -  
vious s e c t i o n .  The superposed epoch method was employed with t h e  key 
d a t e  again chosen as  t h e  middle day of  such n ine  day sequences. In 
t h e  twelve seasons f o r  which we have 10 m i l l i b a r  d a t a ,  76 n ine  day 
sequences met t h e  c r i t e r i o n .  The means of  t h e  30,640 m mean l a t i t u d e  
values f o r  t h e s e  events  a r e  shown i n  Figure 12. The means of t h e  
c e n t r a l  contour va lue  a t  10 m i l l i b a r s  during t h e s e  epochs a r e  a l s o  
shown i n  Figure 12. Note t h a t  no inc rease  i n  he ight  of t h i s  pressure  
s u r f a c e  i s  even remotely suggested; i n  f a c t  a mean decrease of about 
20 meters i s  implied.  On t h e  b a s i s  of  t h e s e  r e s u l t s  we can r u l e  out 
any mechanism which promotes l a rge  s c a l e  subsidence over t h e  pole  a s  
being respons ib le  f o r  a shr inkage of t h e  p o l a r  vor tex .  We a r e  forced 
t o  r e l y  on a mechanism which causes a s teepening of t h e  contour 
grad ien t  (on a constant  p re s su re  sur face)  nea r  t h e  edge of t h e  p o l a r  
vor tex  t o  b r ing  about t h e  observed con t r ac t ion .  
2 .  Di rec t  Absorption. 
One p o s s i b i l i t y  of warming t h e  p o l a r  vor tex  edge a t  10 m i l l i b a r s  
would be through c o l l i s i o n a l  e x c i t a t i o n  and i o n i z a t i o n  of t h e  
atmospheric molecules during t h e  geomagnetic storm, i . e .  , d i r e c t  
absorp t ion  of energy. Ce r t a in ly  t h e  f a c t  t h a t  auroras  occur along a 
l a t i t u d e  b e l t  which i s  nea r  t h e  p o l a r  vor tex  edge g ives  impetus t o  an 
i n v e s t i g a t i o n  o f  t h i s  p o s s i b i l i t y .  We w i l l  p r e sen t  some c a l c u l a t i o n s  
showing t h a t  t h i s  mechanism cannot supply t h e  requi red  energy t o  
br ing  about t h e  observed con t r ac t ion .  
Figure  10. Mer id iona l  c r o s s  s e c t i o n  (over  t h e  p o l e )  of  t h e  10  m i l l i -  
b a r  s u r f a c e  su r rounding  an i n c r e a s e  i n  mean l a t i t u d e  ( s h r i n k a g e  o f  t h e  
p o l a r  v o r t e x )  o f  t h e  30,640 meter  con tour ,  i f  it i s  a s s o c i a t e d  w i t h  
l a r g e  s c a l e  warming o r  subs idence .  The s o l i d  l i n e  r e p r e s e n t s  t h e  10 
m i l l i b a r  h e i g h t s  p reced ing  t h e  sh r inkage  and t h e  dashed curve r e p r e -  
s e n t s  he igh t  v a l u e s  fo l lowing  t h e  s h r i n k a g e .  
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Figure  11.  Meridional  c r o s s  s e c t i o n  (over  t h e  p o l e )  of  t h e  10 m i l l i -  
b a r  s u r f a c e  su r rounding  an i n c r e a s e  i n  mean l a t i t u d e  ( s h r i n k a g e  o f  t h e  
p o l a r  v o r t e x )  o f  t h e  30,640 meter  con tour ,  i f  it i s  a s s o c i a t e d  w i t h  a  
s t e e p e n i n g  o f  t h e  con tour  g r a d i e n t  a long  t h e  v o r t e x  edge.  The s o l i d  
l i n e  r e p r e s e n t s  t h e  10 m i l l i b a r  h e i g h t s  p reced ing  t h e  sh r inkage ,  and 
t h e  dashed curve r e p r e s e n t s  h e i g h t  v a l u e s  fo l lowing  i t .  
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Figure 1 2 .  Superposed epoch averages of t h e  30,640 meter contour meaE 
l a t i t u d e  (6) a t  10 mb surrounding an inc rease  i n  mean l a t i t u d e  of  f c u r  
degrees o r  more i n  9 days (upper curve) .  The superposed epoch aversges 
of t h e  va lue  ( i n  meters) of t h e  p o l a r  vor tex  c e n t r a l  contour a t  10 mb 
a re  shown on t h e  lower curve. 
According t o  Matsushi ta  and Campbell, (1967) we can assume t h a t  
t h e  a u r o r a l  absorpt ion t a k e s  p lace  p r imar i ly  i n  a band 10' o f  l a t i t u d e  
wide, averaging 5000 km i n  l eng th  i n  both hemispheres. The r a t e  of 
d i s s i p a t i o n  due t o  au ro ra l  p rocesses  during a magnetic storm i s  about 
18 - 1 1017 t o  10 e r g  s e c  (Knecht, 1972). The a r e a  of one of  t hese  bands 
16 2 18 - 1 
i s  about 5.6 x 10 cm , and we w i l l  assume t h a t  10 e r g  s e c  a r e  
absorbed over  one of t h e s e  bands during a magnetic storm. A cursory 
examination of  t h e  contour grad ien t  a t  10 m i l l i b a r s  nea r  t h e  p o l a r  
vor tex  edge i n  midwinter y i e l d s  a mean contour grad ien t  of  about -80 m 
(degree l a t i t ude ) - ' ,  shown schematical ly  i n  Figure 13. I f  we assume 
uniform hea t ing  of a 10 degree l a t i t u d e  band (from S O O N  t o  6 0 ' ~ )  only,  
a f o u r  degree i n c r e a s e  i n  mean l a t i t u d e  of t h e  30,640 m contour l i n e  
would r equ i r e  a uniform 320 meter i nc rease  i n  he ight  of t h e  10 m i l l i b a r  
su r f ace  over t h i s  l a t i t u d e  band. I f  t h i s  i nc rease  i s  due t o t a l l y  t o  
hea t ing  i n ,  say ,  t h e  30 t o  10 m i l l i b a r  l aye r ,  t h e  c a l c u l a t i o n s  shown 
i n  Appendix A i n d i c a t e  a requi red  mean warming o f  about 1 0 ' ~  i n  t h i s  
l a y e r .  Also i n  Appendix A,  c a l cu l a t ions  of e n e r n  requi red  t o  ca r ry  
4 on t h i s  hea t ing  compared with energy a v a i l a b l e  from a 10 s e c  geo- 
magnetic i n i t i a l  phase show t h a t  simple absorpt ion and r e d i s t r i b u t i o n  
of t h e  au ro ra l  energy could not  poss ib ly  account f o r  t h e  noted 
hea t ing .  
3. Other Approaches. 
Cobb (1967) i n v e s t i g a t e s  t h e  p o s s i b i l i t y  t h a t  enhanced s o l a r  
corpuscular  r a d i a t i o n  inc iden t  upon t h e  e a r t h  fol lowing a s o l a r  f l a r e  
a l t e r s  t h e  a i r - e a r t h  e l e c t r i c a l  cu r r en t  and causes a g loba l  i nc rease  
i n  t h e  t o t a l  amount of  thunderstorm a c t i v i t y .  He c i t e s  t h e  c l a s s i c a l  
hypothesis  o f  t h e  g loba l  concept of t h e  atmospheric e l e c t r i c a l  cur ren t  
which views t h e  e a r t h  and t h e  ionosphere (50-75 km) a s  h ighly  con- 
duc t ing  concen t r i c  l a y e r s  separa ted  by an imperfect  i n s u l a t i n g  lower 
atmosphere. A s  descr ibed by Cobb (op. c i t  .) t h i s  so-ca l led  "Wilson 
C i rcu i t "  can be summarized as fol lows:  Over f a i r  weather a r e a s  of 
t h e  e a r t h ,  t h e r e  i s  a downward t r a n s f e r  o f  p o s i t i v e  charge which t ends  
t o  reduce t h e  p o s i t i v e  p o t e n t i a l  of t h e  ionosphere and n e u t r a l i z e  t h e  
negat ive  charge on t h e  e a r t h .  Over stormy a r e a s  of  t h e  globe,  on t h e  
o t h e r  hand, p o s i t i v e  charge i s  t r a n s f e r r e d  upward a t  a r a t e  propor- 
t i o n a l  t o  t h e  t o t a l  thunderstorm a c t i v i t y  and of  s u f f i c i e n t  q u a n t i t y  
t o  balance t h e  fa i r -weather  downward t r a n s f e r  of  p o s i t i v e  charge. 
Cole and P ie rce  (1965) ca l cu la t ed  t h a t  90% of  t h e  ear th- ionosphere 
columnar r e s i s t a n c e  l i e s  below 2 . 4  km, and changes above t h i s  l e v e l  
do no t  appreciably a l t e r  t h e  t o t a l  r e s i s t a n c e  f o r  t h e  v e r t i c a l  con- 
duct ion cu r ren t .  Both Cobb (1967) and Re i t e r  (1969) have noted an 
inc rease  i n  t h e  v e r t i c a l  p o t e n t i a l  g rad ien t  a s  well  as  t h e  f a i r  
weather cu r r en t  from one t o  fou r  days fol lowing a s o l a r  f l a r e  event .  
Such inc reases  a r e  gene ra l ly  10% over t h e  "quiet" mean va lues ,  but  
some have been noted a s  high a s  60% f o r  h igh ly  d i s tu rbed  cases .  
P r e c i s e l y  how t h e  f l u x  of  s o l a r  corpuscular  r a d i a t i o n  could enhance 
t h e s e  va lues  i s  no t  wel l  kno-m. However, i f  such an enhancement 
produced an inc rease  i n  g loba l  t o t a l  thunderstorm a c t i v i t y ,  i t s  
impl ica t ion  f o r  t h e  modif icat ion of  t roposphe r i c  weather and c l imate  
would be s i g n i f i c a n t .  Measurements of g loba l  t o t a l  thunderstorm 
occurrence and i n t e n s i t y  a s  wel l  a s  a g r e a t e r  understanding of  t h e  
ionosphere-ear th e l e c t r i c  c i r c u i t  i n t e r a c t i o n  with s o l a r  corpuscular  
r a d i a t i o n  w i l l  be needed t o  examine t h e  f e a s i b i l i t y  of  t h i s  mechanism. 
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Figure 13. A schematic diagram of two 10 m i l l i b a r  
su r f ace s  with l a t i t u d i n a l  he igh t  g r a d i e n t s  o f  -80 
meters  pe r  degree l a t i t u d e .  
Roberts and Olson (1973a,b) have suggested t h a t  t h e  Bremsstrahlung 
r a d i a t i o n  which p r e c i p i t a t e s  i n t o  t h e  atmosphere a f t e r  a s o l a r  f l a r e  
may reach t h e  n e a r l y  s a t u r a t e d  a i r  n e a r  t h e  tropopause, a c t  a s  i c e  
nuc leants  and c r e a t e  a  t h i n  c i r r u s  deck. I f  no t  p re -ex i s t i ng ,  such a  
cloud p a t t e r n  would a l t e r  t h e  r a d i a t i v e  i n f r a r e d  balance i n  t h e  
atmosphere and b r i n g  about an a l t e r a t i o n  i n  t roposphe r i c  weather 
p a t t e r n s .  A t  t h e  cold temperatures  u s u a l l y  noted  n e a r  t h e  t ropopause,  
- 4 0 ' ~  and co lde r ,  however, t h e  atmosphere apparent ly  has an over-  
abundance of  i c e  n u c l e i .  Mason (1971) no te s  t h a t  i c e  n u c l e i  concen- 
t r a t i o n s  n e a r  t h e  tropopause a r e  probably a s  high a s  t hose  n e a r  t h e  
su r f ace .  Formation o f  c i r r u s  would depend on t h e  s a t u r a t i o n  o f  a i r  
r a t h e r  than  t h e  a v a i l a b i l i t y  of i c e  n u c l e i  a c t i v e  a t  t hose  temperatures .  
I t  would t h e r e f o r e  seem improbable t h a t  t h e  add i t i on  o f  any i c e  n u c l e i  
a t  t h e s e  l e v e l s  i n  t h e  atmosphere would have any e f f e c t .  However, 
measurements of  i c e  n u c l e i  counts a t  h igh  e l e v a t i o n s  e s p e c i a l l y  over  
oceans a r e  no t  abundant. Nevertheless ,  such measurements o f  i c e  
n u c l e i ,  along with an es t imat ion  from s a t e l l i t e s  o f  changes i n  c i r r u s  
s h i e l d ,  might be made i n  o rde r  t o  f u r t h e r  i n v e s t i g a t e  t h i s  hypothesis .  
Schuurmans (1969) proposes t h a t  i n  e n t e r i n g  t h e  lower s t r a t o s p h e r e ,  
p ro tons  dis lodge e l e c t r o n s  by numerous c o l l i s i o n s  wi th  a i r  molecules.  
Some of t h e s e  e l e c t r o n s  have ene rg i e s  s u f f i c i e n t  t o  d i s s o c i a t e  water  
vapor.  He sugges ts  t h a t  with water vapor a v a i l a b l e  nea r  t h e  t ropo-  
pause,  it becomes much more l i k e l y  t h a t  t h i s  l e v e l  i s  t h e  s e a t  of  t h e  
i n i t i a l  atmospheric r eac t ion  t o  s o l a r  v a r i a b i l i t y .  These d i s s o c i a t e d  
water molecules a c t  t o  remove ozone from t h e  lower s t r a t o s p h e r e ,  
u p s e t t i n g  t h e  r a d i a t i o n a l  balance,  and br inging  about a  cool ing nea r  
t h e  t ropopause.  Such a  cool ing,  which he ca l cu la t ed  t o  be s i g n i f i c a n t ,  
may then  a c t  a s  a modif ier  o f  t roposphe r i c  phenomena. The p r e c i p i t a -  
t i o n  o f  high energy s o l a r  corpuscular  r a d i a t i o n  (protons with ene rg i e s  
between 300 and 1000 MeV) t o  l e v e l s  i n  t h e  lower s t r a t o s p h e r e  i s  a  
c r u c i a l  f a c t o r  i n  Schuurmans ' mechanism. However, he uses  ex t r apo la -  
t i o n s  o f  o t h e r  r e sea rche r s '  formulas t o  e s t ima te  t h e  f l u x  o f  t hese  
p a r t i c l e s  t o  t h i s  l e v e l ,  and it i s  no t  c l e a r  t h a t  t h e s e  formulas a r e  
app l i cab le  f o r  t h i s  purpose. Accurate measurements and ca l cu la t ions  
o f  t h e s e  f luxes  i n  t h e  lower s t r a t o s p h e r e  a r e  c l e a r l y  needed. 
4 .  Discussiorl. 
Wilcox e t  a l .  (1973) produce a  f i g u r e  which shows t h e i r  v o r t i c i t y  
a r ea  index values during a  superposed epoch ana lys i s  surrounding 
s e c t o r  passage d a t e s  a t  s t r a t o s p h e r i c  l e v e l s .  (See Figure 14. )  They 
neg lec t  t o  comment on t h e  apparent ly  downward propagat ing minimum 
value of t h e i r  index which occurs about t h r e e  days p r i o r  t o  t h e  key 
d a t e .  Although s e c t o r  boundary passage i s  not  completely understood, 
it appears t h a t  s t r a t o s p h e r i c  flow i s  r e a c t i n g  t o  such an event .  
Labitzke (1972a, b) i n d i c a t e s  t h a t  s t r a t o s p h e r i c  and mesospheric 
temperature p a t t e r n s  t end  t o  be r e l a t e d .  She n o t e s  a  gradual warming 
o f  t h e  s t r a topause  co inc ident  with a cool ing of  lower s t r a t o s p h e r i c  
and upper mesospheric l aye r s .  When t h e  vor tex  breaks down, t h e  
s t r a topause  cools  and t h e  upper mesosphere and lower s t r a to sphe re  
appear t o  warm. A mechanism r e l a t e d  t o  s o l a r  v a r i a b i l i t y  which can 
t r i g g e r  such an event may prove t o  l i nk  t h a t  v a r i a b i l i t y  t o  e f f e c t s  
i n  t h e  s t r a t o s p h e r e .  
Of course t h e  warming we observe i n  t h e  s t r a t o s p h e r e  may be a  
manifest  a t i o n  of events  t ak ing  p l ace  i n  t h e  t roposphere.  Mechanisms 
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Figure 14.  Superposed epoch ana lyses  of  average response of  
hemispheric v o r t i c i t y  a r e a  t o  pass ing  of 54 s e c t o r  boundaries i n  
t h e  nor thern  hemisphere no r th  of  2 0 ' ~  l a t i t u d e  i n  which t h e  v o r t i c i t y  
exceeded a value o f  20 x l om5  s e c - I  a r e  inc luded .  The r e s u l t s  a r e  
shown f o r  p re s su re  l e v e l s  of 10 mb, 30 mb, 50 mb, and 100 mb. Each 
graph inc ludes  t h e  maximum and minimum values o f  t h e  v o r t i c i t y  a r e a  
within t h e  range 56 days from s e c t o r  boundary passage.  A t  t h e  t o p  of  
each graph i s  l i s t e d  t h e  v o r t i c i t y  d i sc r imina to r  i n  u n i t s  o f  
s e c - I ,  and t h e  minimum, maximum, and range of  t h e  v o r t i c i t y  a r e a  a r e  
i n  u n i t s  of lo5  km2. (From Wilcox, e t  a l . ,  1973). 
which have been proposed by o the r s  which deal  with a  t ropospher ic  
reac t ion .  along with a  r e s u l t a n t  upward t r a n s f e r  of  these  e f f e c t s  may 
be t h e  l ink  between s o l a r  v a r i a b i l i t y  and our r e s u l t s .  In  addi t ion ,  
no one can r u l e  out t h e  p o s s i b i l i t y  t h a t  d i f f e r e n t  mechanisms a r e  
operat ing a t  t hese  d i f f e r e n t  l e v e l s ,  and t h e  forc ing  between t h e  
layers  i s  of minor importance. 
CONCLUSION 
Our s t a t i s t i c a l  r e s u l t s  seem t o  i n d i c a t e  t h a t  t h e  s t r a t o s p h e r i c  
flow i s  r e a c t i n g  t o  s o l a r  v a r i a b i l i t y .  The r e l a t i o n  between t h i s  
s o l a r  v a r i a b i l i t y  and t h e  observed warming nea r  t h e  edge of t h e  p o l a r  
n igh t  vor tex  and t h e  inc rease  i n  t h e  meridional component of  s t r a t o -  
s p h e r i c  flow a t  10 m i l l i b a r s  i s  d i f f i c u l t  t o  deny. The magnitude o f  
t h e  r e a c t i o n  of  t h e  flow seems t o  depend upon t h e  i n i t i a l  condi t ion  
of vor tex  s t a b i l i t y .  Warnings perceived a t  t h e  middle l e v e l s  of  t h e  
s t r a t o s p h e r e  appear t o  be propagated downward. Even though our  
sample s i z e s  a r e  not  l a r g e  and our  observa t ions  a r e  only  s t a t i s t i c a l ,  
a  mechanism which promotes a  r eac t ion  o f  s t r a t o s p h e r i c  flow t o  solar  
v a r i a b i l i t y  demands t o  be discovered.  
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APPENDICES 
APPENDIX A 
1. Asume a mean temperature of 2 1 8 ' ~  [-5S0c] i n  t h e  30 mb-10 mb 
l aye r .  
2 .  Given t h e  formula from t h e  Smithsonian Tables: 
where: A@ = th ickness  of t h e  l aye r  (gpm) 
tAv = mean adjusted v i r t u a l  temperature of 
t h e  l aye r  (OC) 
P1 = pressure  a t  t h e  base of  t h e  l aye r  
P2 = pressure  a t  t h e  top  of  t h e  l aye r  
3 .  Using t h i s  formula with t h e  values given i n  (1.) above 
A@ = 7020 gpm 
4. I f  we inc rease  t h e  th ickness  of  t h i s  layer  by 320 gpm and reapply 
t h e  equation i n  ( 2 .  ) , 
5 .  Therefore,  corresponding t o  an increase  of  320 gprn i n  t h e  30 mb- 
10 mb l a y e r ,  t h e  mean v i r t u a l  temperature must increase  by 1 0 ' ~ .  
6 .  From t h e  t e x t ,  we had assumed t h a t  t h e  a rea  of t h e  l a t i t u d e  band 
16 2 i n  which aurora l  energy i s  absorbed i n  5 .6  x 10 cm . 
7 .  The mass of a i r  i n  t h e  30 mb-10 mb l a y e r  over  t h i s  band i s  
16 2 18 ( 2 0 g  cm-2) ( 5 . 6 ~  10 c m )  = 1.1 x 10 g .  
-1 oK-l 
8.  Given t h e  s p e c i f i c  hea t  of a i r  cp = 10 e r g  g 
9. The energy requi red  t o  b r ing  about t h i s  observed warming = ( t o t a l  
mass t o  be heated)  ( s p e c i f i c  heat  o f  t h e  mass) (change i n  tempera- 
t u r e  r equ i r ed ) ,  o r  from (7 .), ( 8 . ) ,  and (5 .) above. Energy 
18 6 25 
requi red  = (1 .1  x 10 g) (10 e r g  g-l OK-') (1o0K) = 1.1 x 10 e rg .  
10. From Matsushi ta  and Campbell, assume t h a t  t h e  energy o f  an a u r o r a l  
absorpt ion i s  1018erg sec- '  . 
4 
11. Assume t h a t  t h i s  s t rong  absorpt ion lasts - 3 hours o r  10 sec .  
12. Then t h e  t o t a l  energy involved i n  t h e  aurora  i s  
18 4 2 2 (10 e r g  sec") (10 sec)  = 10 e rg .  
13. Comparing t h e  r e s u l t s  from (9.) and (12 .) , no te  t h a t  t h e  energy 
involved i n  an aurora  i s  much l e s s  than  i s  requi red  t o  produce 
t h e  noted hea t ing .  
APPENDIX B 
Assume a f o u r  degree inc rease  i n  mean l a t i t u d e  of  t h e  30,640 m 
contour a t  10 mb, and assume t h a t  t h i s  i s  brought about by t h e  l o 0 K  
warming i n  t h e  30 mb-10 mb l a y e r  noted i n  Appendix A. 
D i f f e r e n t i a t i n g  Poisson ' s  equat ion and holding de = 0 where P = 
20 mb, T = 223"K, l e t  dT = + l o 0 K  
then  dp = 3.1  mb 
Using t h e  h y d r o s t a t i c  approximation, t h i s  corresponds t o  a change 
o f  about 1070 gpm. 
Therefore a p a r c e l  o f  a i r  which s inks  a d i a b a t i c a l l y  from t h e  20 mb 
l e v e l ,  T = 223O~,  and warms l o 0 K  must experience a change i n  geopoten- 
t i a l  of - 1070 gpm. 
I f  t h i s  change i n  geopotent ia l  i s  experienced over  a per iod  o f  
5 
n i n e  days (7.78 x 10 sec)  , then  t h e  mean v e r t i c a l  motion which 
- 1 
accounts f o r  t h i s  warming i s  about -.14 cm s e c  . 
APPENDIX Ca 
Daily 30,640 m contour ( a t  10 mb) mean l a t i t u d e ,  $, and s t anda rd  devia t ion;  0 ,  f o r  s e l e c t e d  d a t e s  
preceding and fol lowing t h e  occurrence of  a geomagnetic key d a t e  when t h e  p o l a r  vo r t ex  flow 
was n e a r l y  uns t ab le .  The mean va lues  of each s e l e c t e d  s e t  of  f i v e  days a r e  a l s o  g iven .  
Date 12/16/64 1/22/65 2/7/65 2/21/65 1/20/66 2/23/66 3/14/66 11/28/66 
D-; 47.33 50.50 51.50 54.58 46.42 63.17 48.17 51.25 
D-5 t o  D - 1  mean ?J 47 .SO 50.82 51.68 54.27 44.82 62.30 48.77 53.35 
D r; 47.33 48.17 56.00 56.25 49.00 75.10 50.00 48.67 
I); 46.33 46.83 55.25 56.50 49.67 72.62 51.33 47.83 
"7 49.42 47.75 54.83 56.50 49.92 71.00 50.42 49.75 
D8 49.33 49.33 54.75 56.00 50.92 69.12 53.08 47.83 
D9 49.25 51  -00  54.08 56.42 50.42 73.42 53.67 46.42 
Dg t o  Dg mean $ 48.33 48.62 54.98 56.33 49.99 72.25 51.70 48.10 
D-5 11.47 8.93 15.16 9.59 12.18 17.48 10.12 16.55 
D-4 11.88 8.87 17.14 8.74 12.73 22.73 9.71 17.42 
0 D-3 14.11 9.53 15.13 9.56 16.03 25.03 6 .13  17.89 
D-2 14.00 9.77 15.18 12.21 14.55 28.35 4.25 16.08 
D- 1 14.25 9.46 16.25 14.15 14.71 30.47 4.34 15.96 
0: 15.64 16.14 14.10 13.54 9.82 28.60 8.17 15.19 
D 7 15.53 15.47 13.18 14.30 1.82 26.94 8.25 14.10 
D 8 14.92 16.21 11.46 14.58 14.16 23.47 10.06 12.33 
"9 13.27 14.85 9.59 14.46 15.17 20.46 10.05 11.36 
Dg t o  Dg mean 0 14.78 15.50 12.29 14.17 11.82 27.16 8.74 13.82 
APPENDIX Ca 
(Continued) 
Date 1/1/67 11/24/67 12/31/67 2/10/68 3/14/68 12/3/68 12/25/68 3/12/69 
D-5 41.33 51.33 58.58 42.25 48.33 56.33 46.92 61 . O O  
D-4 44.58 51.08 59.92 41.83 47.08 56.92 48.58 61.17 
b D-3 43.92 50.75 61.42 41 .50 48/08 49.75 48.92 61.92 
D-2 41.17 51.08 61.25 41.67 48.58 43.67 46.92 63.25 
D - i  43.83 50.58 60.67 41.50 47.58 46.17 48.92 61.58 
D-5 t h r u  D - 1  mean $ 42.97 50.96 60.37 41.75 47.93 50.57 48.05 61.78 
"5 47.83 49.75 60.83 41.33 52.83 41 .50 47.33 63.83 
D6 47.83 49.58 70.80 43.00 53.33 42.83 44.08 62.83 
b D7 47.92 49.67 69.12 43.42 53.58 50.83 50.33 65.08 
D 8 47.75 47.58 68.00 44.25 53.50 48.08 42.83 63.42 
"9 48.67 50.33 72.60 44.33 53.08 50.08 41.82 64.67 
D5 + Dg mean a; 48.00 49.38 68.27 43.27 53.26 46.66 45.28 63.97 
D-5 9.53 13.41 12.63 3.37 8.71 25.82 16.62 24.16 
D-4 10.31 14.53 11.04 3.78 8.80 16.29 22.25 28.26 
a D-3 10.44 14.04 10.10 3.50 6.45 24.95 16.08 21.03 
8.86 15.00 11.72 3.97 6 .63  19.47 16.85 20.70 
D-2  1 9.20 14.81 16.03 3.75 4.86 23.14 15.88 20.44 
D-5 -t D - l  mean 9.67 14.36 12.30 3.67 7.09 24.33 16.34 21.72 
D5 12.35 12.15 15.73 10.15 6.27 13.33 19.15 16.07 
D6 13.51 9.94 23.46 10.45 6.82 14.55 18.92 12.75 
a D7 13.77 10.27 32.87 10.68 7.42 19.90 18.23 10.23 
D8 15.39 9.86 33.62 11.19 6.70 17.64 16.50 11.90 
D9 14.19 10.48 38.92 9.80 5.77 16.88 10.59 12.04 
Dg -t D l  mean a 13.84 10.54 28.92 10.45 6.60 16.46 16.68 12.60 
APPENDIX Cb 
Same a s  Ca except  va lues  surround key geomagnetic d a t e s  when t h e  
p o l a r  vo r t ex  flow i s  s t a b l e .  
Date 11/23/64 11/20/64 1/1/65 2/7/67 1/17/69 2/27/69 
- 
D-5 +- D-1  mean 6 49.05 52.40 50.03 51.40 43.03 54.63 
D c 48.67 50.92 48.42 52.58 41.33 57.17 
Dg -f DQ mean 6 48.77 50.50 48.83 52.00 43.43 59.52 
D- 5 10.14 13.00 15.85 16.73 10.99 9.50 
I)_ 4 10.99 14.76 16.08 17.03 13.01 14.17 
0 12.16 14.79 16.10 16.39 15.07 10.31 
I), 2 13.09 15.77 16.45 15.86 13.55 10.68 
D- 1 14.19 15.15 15.54 15.05 12.60 9.83 
D-5 -+ D-l mean cs 12.11 14.69 16.00 16.21 13.04 - - 10.90 
D 5 11.30 14.49 15.10 9.97 7.17 22.25 
D6 10.27 15.85 17.21 9.40 7.84 22.25 
"7 10.11 16.08 19.36 8.80 13.30 23.89 
D8 8.55 16.10 18.37 10.26 15.16 24.16 
D9 7.96 16.45 20.20 1.59 17.59 22.25 
Dq -+ Dg mean a 9.64 15.79 18.05 10.00 12.21 22.96 
1. Assume a mean temperature of 218°K [-55OC] i n  t h e  30 mb-10 mb layer .  
2 .  Given t h e  formula from t h e  Smithsonian Tables: 
where: A0 = t h i ckness  of t h e  l aye r  (gpm) 
I 
tmv = mean adjus ted  v i r t u a l  temperature of  t h e  l a y e r  
(OC) 
P I  = pres su re  a t  t h e  base of t h e  l aye r  
P2 = pres su re  a t  t h e  top  of  t h e  l a y e r  
3 .  Using t h i s  formula with t h e  va lues  given i n  (1.)  above 
A0 = 7020 gpm 
4. I f  we inc rease  t h e  th ickness  of t h i s  l aye r  by 320 gpm and reapply  
t h e  equat ion i n  (2 . ) ,  
t 
tmv = -45°C 
5. Therefore,  corresponding t o  an inc rease  of 320 gpm i n  t h e  30 mb-10 mb 
l aye r ,  t h e  mean v i r t u a l  temperature must i nc rease  by 10°C. 
6 .  From t h e  t e x t ,  we had assumed t h a t  t h e  a r e a  of t h e  l a t i t u d e  band i n  
which au ro ra l  energy i s  absorbed i n  5.6 x 1016 cm2. 
7 .  The mass of a i r  i n  t h e  30 mb-10 mb l aye r  over t h i s  band i s  (20 g ~ m ' ~ )  
(5.6 x 1016 cm" = 1.1 x 1 0 ~ ~ ~ .  
8. Given t h e  s p e c i f i c  hea t  of a i r  c = 10 erg  g-l O K - ~ .  
P 
9 .  The energy requi red  t o  b r ing  about t h i s  observed warming = ( t o t a l  
mass t o  be heated)  ( s p e c i f i c  hea t  of t h e  mass) (change i n  temperature 
required), or from (7 .) , (8. ) , and (5 .) above. Energy required = 
(1.1 x 1018g) (106erg g-1 O K - ~ )  (1O0K) = 1.1 x 1 0 ~ ~ e r ~ .  
10. From Matsushita and Campbell, assume that the energy of an auroral 
absorption is 1018erg sec-l . 
11. Assume that this strong absorption lasts - 3 hours or lo4 sec. 
12. Then the total energy involved in the aurora is 
(1018erg sec-l) (104sec) = erg. 
13. Comparing the results from (9.) and (12.), note that the energy 
involved in an aurora is much less than is required to produce the 
rioted heating . 
Appendix B 
Assume a four degree increase in mean latitude of the 30,640m 
contour at 10 mb, and assume that this is brought about by the 10°K 
warming in the 30 mb-10 mb layer noted in appendix A. 
Differentiating Poisson's equation and holding d0 = 0 where P = 
20 mb, T = 223"K, let dT = + 10°K 
then dp = 3.1 mb 
Using the hydrostatic approximation, this corresponds to a change 
of about 1070 gpm. 
Therefore a parcel of air which sinks adiabatically from the 20 mb 
level, T = 223'~, and warms 10°K must experience a change in geopotential 
of - 1070 gpm. 
If this change in geopotential is experienced over a period of 
nine days (7.78 x 105sec), then the mean vertical motion which accounts 
for this warming is about -.I4 cm sec'l. 
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